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ABSTRACT
This dissertation assesses fundamental social factors that drive variation in calling
and other behaviors of experimental flocks of Carolina chickadees. Specifically, I tested
how group member familiarity and group composition affected individual behavior. In
addition, I performed a direct experimental test of the Social Complexity Hypothesis for
Communicative Complexity, which states that groups that are more socially complex will
communicate with greater signal complexity than groups that are less social complex. I
consider complexity to be a combination of three factors: the number of parts in a system,
the variation among the parts, and the variation in the way those parts interact. In this
dissertation I tested for these effects in flocks of Carolina chickadees (and sometime
tufted titmice). I trapped birds from naturally occurring wild flocks and experimentally
created flocks in semi-natural outdoor aviaries. I used a mix of ad libitum and focal
sampling methods to observe and record behaviors of birds in flocks. I then transcribed
note types of calls produced by birds to be able to calculate metrics of communicative
complexity. Chapter 1 tests for the effect of flockmate familiarity on note composition
and information content of calls in flocks of Carolina chickadees. I found that although
note-type usage differed between conditions, information content of calls and social
group association patterns did not differ. Chapters 2 and 3 examine the effect of species
composition of groups on calling, flying, and social behavior of chickadees and titmice.
The results of both of these chapters show that chickadees are influenced by both
conspecific and heterospecific presence in flocks, while titmice are mostly sensitive to
heterospecific presence, except in risk. Chapter 4 is a direct test of the Social Complexity
Hypothesis for Communicative Complexity on two axes: group size and group
composition. Surprisingly, I found evidence that transition networks of note types in
chick-a-dee calls did not differ greatly across different conditions, although structural
changes were more apparent in networks that only included notes and transitions that
occurred more than 5% of the time. These results may refute predictions made by the
social complexity hypothesis for communicative complexity. In sum, chickadees are
sensitive to their immediate social environment, which influences various types of
individual behavior in these birds. This work is important for understanding how social
group context influences the behavior of individuals in those groups. Overall, this
dissertation work demonstrates that social group composition and size can influence
behavior of individuals in those groups, albeit in different ways for different behavior
patterns. Additionally, there may be asymmetries in of how these variables affect
different species in mixed-species groups. These results further inform the ways we think
about ecology and behavior of individuals in mixed species groups and support the idea
that macro-level group structure may differ from how individuals experience the groups
of which they are part.
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INTRODUCTION
This dissertation assesses the fundamental social factors that influence social
complexity and behavior of individuals in groups. Complexity can be defined as the
product of three different components: (1) the number of parts in a system, (2) the types
of parts in the system, and (3) the variation in how those parts interact (McShea &
Brandon, 2010). Historically, studies on complexity in social systems in ecology have
focused on only the number of parts in a system, but recent attempts to understand and
quantify complexity of ecological systems have viewed complexity in the way defined
above. Complexity of social systems is thought to influence how individuals in those
groups behave (Krause et al., 2015). Specifically, the social complexity hypothesis for
communication states that the more complex a social group is, the more complex their
communication system is (Freeberg et al., 2012). Here, I will test a set of hypotheses
about how variation in social factors relates to variation in communication by exploring
some likely social factors beyond group size that may influence social complexity. Then,
I aim to link these changes in social complexity to changes in vocal behavior of flocks
Carolina chickadees.

Social Complexity
The term social complexity refers to structural variation in different levels of
social organization. Hinde (1976) proposed a conceptual framework of social group
organization, in which interactions are the basic component. Relationships evolve from
successive interactions between individuals, culminating in the surface structure of a
group, comprising the nature, quality, and pattern of relationships (Hinde, 1976).
Following this framework, studies involving the social complexity of groups should
consider the level of variation of interactions and relationships of individuals that make
up a group. Studies must also be careful to define what constitutes an interaction in
species-appropriate ways (Whitehead, 1996). In species that are difficult to observe, use
of an association matrix of interaction rates to determine the surface structure of social
groups is key (Whitehead, 1996).
Complex systems theory has been employed as a tool to quantify the complexity
of animal social groups by focusing on components like scales of organization,
compression, and emergence (Hobson et al., 2019). Crucially, the structure of social
groups can span multiple levels from micro to macro (Figure 1) that converge as multiple
influences on behavior. Additionally, the structure of groups can be thought of as an
emergent property of interactions among its different group members (Hobson et al.,
2019). Figure 1 depicts these feedback processes. While complex systems theory can help
to quantify the complexity of large social systems, difficulties arise when attempting to
apply these properties to small groups. In this dissertation, I will use variation in social
group size and composition as a proxy for social complexity.
It is generally thought that mixed-species groups (MSGs) should be more socially
complex than single-species groups of the same size, because MSGs contain more
variation among members (Freeberg et al., 2012). For example, Farine, Garroway, and
Sheldon (2012) compared four different networks of feeding associations of blue tits
(Cyanistes caeruleus), coal tits (Periparus ater), great tits (Parus major), marsh tits
1

Figure 1. Feedback loop between levels of organization of animal social groups.
Influences from macro to micro-levels are top-down. Influences from micro- to macrolevels are bottom up.
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(Poecile palustris), and nuthatches (Sitta europaea). Larger birds (assessed by wing corn
measurements) were more dominant and had more network associates than smaller birds,
and larger birds also had a greater proportion of intraspecific associates, meaning that
they associated with more conspecifics than did smaller birds (Farine et al., 2012). By
using social network approaches to understand MSG social structure, we can understand
the interaction of individuals from different species in more detail.
Influences on Social Complexity
Variations in personality of individuals in a group can strongly influence the
structure of that group (Aplin et al., 2013). Generally, personality refers to the consistent
behavioral differences between individuals. However, in a narrower sense, personality
pertains to consistent individual differences in a certain behavior, typically those
behaviors expressed in a novel or challenging environment (Réale et al., 2010). Recently,
the approach of testing behavioral differences of individuals in novel contexts has been
used to measure personality traits, which can then explain variation in other types of
behavior. One such scale is the shy-bold continuum (as seen in tits; Carere et al., 2005).
Here, studies test individuals by placing them in a novel environment, then measuring
their propensity to explore or forage in this context. Individuals that explore more, or
faster, or that return to foraging more quickly, are labeled as bolder individuals.
Individuals that explore less, or more slowly, or that take longer to return to foraging, are
labeled as shy individuals, on a scale. In fact, differences in exploratory behavior in a
novel environment are associated with differences in foraging (Verbeek et al., 1994),
mating decisions (van Oers et al., 2004), physiology (Fucikova et al., 2009), and fitness
(Both et al., 2005; Dingemanse & de Goede, 2004). Personalities of different individuals
are associated with the ways they interact with conspecifics and heterospecifics. For
example, when the proportion of shy (slow to return to feeding) three-spine sticklebacks
(Gasterosteus aculeatus) increases in a network, the frequency of interactions also
increases (Pike et al., 2008). Shy fish may form more long-lasting connections than their
bold (quick to return to feeding) counterparts, and this may account for the overall
increase in interaction frequency (Pike et al., 2008). Further, slower exploring great tit
(Parus major) males tended to have less central network positions than their faster
exploring counterparts (Snijders et al., 2014). These findings indicate that personality
may have a great influence over the social structure of a group.
Beyond individual differences in personality, different species have different life
history characteristics, which need to be accounted for when comparing networks.
Blumstein and Armitage (1997) made their own social complexity metric based on the
frequency of the distribution on social roles, and the number of bits of information
needed to describe each role, when comparing social complexity across different species
of sciurids. The smaller the percentage of breeders in the population, the longer latency to
first breed, the smaller the litter, and the more offspring that survive to age one, the more
socially complex a species is, indicating that social complexity is an emergent property of
social roles and life-history characteristics (Blumstein & Armitage, 1997; Pollard &
Blumstein, 2012).
3

The physical environment can also influence the social composition of groups.
The way individuals interact can be driven by environmental and external factors, such as
differences in preferred foraging sites (Lusseau et al., 2006). In bottlenose dolphins
(Tursiops truncatus), clustering of individuals in a network is explained by the various
ranging patterns of individuals (Lusseau et al., 2006). In fact, in cichlid fish (Cichlidae),
environmental complexity has been show to influence the size and structure of various
brain regions, and it is hypothesized that these changes are due to the influence
environmental complexity has on social behavior (Shumway, 2008).
In addition to factors discussed above, Freeberg, Dunbar, & Ord (2012)
hypothesized that density and dominance hierarchies should also influence the social
complexity of a group. Groups that live in higher densities tend to interact more, due to
being in closer spatial proximity, and will therefore be more complex than groups that are
less dense, and interact at lower rates (Freeberg et al., 2012). Some groups have very
strict and structured dominance hierarchies, while other group have more egalitarian
structures in which the relationships between individuals are more fluid. Therefore, more
egalitarian groups should have a greater social complexity because there is a great
variation in the types of relationships that can exist in that group (Bergman & Beehner,
2015; Freeberg et al., 2012).

Communicative Complexity
Communication is the basis for any social interaction, therefore understanding the
proximate and ultimate causes of communication is important for understanding the
different patterns of interactions that exists among individuals, groups, populations, and
species, since the decision-making process of an animal is affected by its complex
stimulus environment (Burghardt, 2008). Historically, communication has been viewed in
two-distinct ways. Some researchers view communication as a way for a signaler to
manipulate and influence a receiver’s behavior (Dawkins & Krebs, 1978; Ruxton &
Schaefer, 2011), and that communication is the result of an evolutionary arms race
between signalers and receivers, who are each trying to maximize their own fitness
benefits (Dawkins & Krebs, 1978; Owren et al., 2010). On the other hand, other scientists
view communication as a means to convey information that is used to reduce uncertainty
in a communication network (Seyfarth et al., 2010). Using this theory, studies have
focused on determining if signals predict something about the environment in which they
are produced (Seyfarth et al., 2010). While the “communication as influence” hypothesis
can explain communication when signalers and receivers have opposing interests, the
“communication as information transmission” hypothesis better explains communication
under contents when signalers and receivers have similar interests, like in cooperation
(MacLennan & Burghardt, 1993). In addition, including information in the definition of
communication allows for a wider, more theoretically inclusive understanding of animal
signals (Carazo & Font, 2010). In this dissertation, I view communication from the
“communication as information transmission” hypothesis.
Signalers and receivers do not communicate in a vacuum; there are many
environmental and social factors that can influence communication (Burghardt, 2008).
For one, variation in communication can be driven by the structure of the vegetation and
4

other physical characteristics of where animals live. Following the acoustic adaption
hypothesis, species should evolve signals that incur minimal propagation losses as they
travel though the environment (Bradbury & Vehrencamp, 2011). Therefore, it is little
surprise that vegetation structure with poor visibility or high levels of background noise
should favor repertoires that are more discrete, so signals are more easily discriminated
(Marler, 1975). Gradation in signals is more likely in close-range, rather than long-range
signals, which tend to be more discrete (Marler, 1967). Variation in communicative
complexity can also be driven by the presence and type of predators in the environment
(Braune et al., 2008). Additionally, as mentioned above, communicative complexity can
be driven by a group’s social complexity; this is known as the social complexity
hypothesis for communication (Freeberg et al., 2012).
How does one measure the variation and complexity in a communicative system?
Many researchers have used repertoire size as a proxy for vocal complexity but as with
critiques of using group size as a proxy for social complexity, these studies only look at
one type of vocal complexity – the number of parts in a system. In addition, the number
of parts in the system is not a good indicator of complexity when the system is openended, as with human languages or chick-a-dee calls. Instead, recently, researchers have
been using information theory to measure communicative complexity (Fischer et al.,
2017; Shannon & Weaver, 1949). In this approach, researchers can assess Zero-Order
(U0) and First-Order (U1) uncertainty of communicative systems (for example, see
Freeberg, 2006). Uo measures the amount of information in a system as a function of the
number of units, and proportional frequency with which those units occur. A system has a
maximum level of Zero-Order Uncertainty, and thus is maximally complex, when all
units in a system are used with the same frequency. U1 measures the amount of
information by examining the transitional probabilities between pairs of units (how well
does the occurrence of unit A predict a following unit B?). A system has a maximum
level of First-Order Uncertainty, and therefore is maximally complex, when all ordered
pairs have equal transactional probabilities. Additionally, some researchers have argued
for the use of Markov entropy rate, which measures the diversity of transitions, to assess
complexity of communicative systems (Kershenbaum, 2014).
Using an information theory approach to assess complexity in a communicative
system allows for the comparison of complexity across species and modalities (Fischer et
al., 2017). However, this approach becomes difficult when communicative units are not
discrete, with hard to define boundaries (Fischer et al., 2017). To solve this problem,
researchers should use cluster analysis to identify variation in different units (Fischer et
al., 2017). However, in call systems with discrete units, generally the greater number of
call types in a repertoire, the greater the complexity of that system (McComb & Semple,
2005). Additionally, as communication involves two types of participants (signalers and
receivers), study designs should incorporate receiver reactions to various signals to
ensure that receivers also distinguish between prototypes defined (Kershenbaum et al.,
2014). Sequences may also be important to understanding communicative complexity,
and sequences can vary in terms of their repetition, diversity, combinations, ordering,
overlapping, and timing (Kershenbaum et al., 2014).
5

Linking Social and Vocal Complexity
The social complexity hypothesis for communication (Freeberg et al., 2012;
Indrikis Krams et al., 2012; Sewall, 2015), posits that strongly social species have
increased needs for complex communication systems. For example, Bouchet, Bloisheulin, and Lemasson (2013), investigated the vocal variability of female de brazza
monkeys (Cercopithecus neglectus) that live in small family groups, Campbell’s
monkeys (Cercopithecus campbelli) that live in harems, and red-capped mangabeys
(Cercocebus torquatus) that live in large multimale/multifemale groups. They found that
red-capped mangabeys have the most variable threat calls and are the most vocally
diverse, while de brazza monkeys are the least diverse (Bouchet et al., 2013). Similarly,
the number of alarm calls in sciurids is correlated with the diversity of their social roles
(Blumstein & Armitage, 1997; Pollard & Blumstein, 2012). Furthermore, in tests with
over 40 primate species, researchers discovered that species living in larger groups with
more intense social bonding have larger vocal repertories (McComb & Semple, 2005).
There is also a positive relationship in species of wrens between the degree of polygyny
and species song complexity (Kroodsma, 1977). Finally, Freeberg (2006), in the only
direct experimental test of this hypothesis to date, found that individuals in larger groups
of Carolina chickadees have greater information content (uncertainty) in their chick-a-dee
calls, in comparison to individuals in smaller groups. The information content of calls is
also greater in Carolina chickadee than in black-capped chickadees (Poecile atricapillus),
which may be attributed to their difference in social structure (Freeberg & Lucas, 2012a;
Krams et al., 2012). Carolina chickadees are more egalitarian and flexible in social
structure, whereas black-capped chickadees have a more rigid social hierarchy (Freeberg
et al., 2012; Krams et al., 2012), and this may explain the difference in their calling
behavior.
Additionally, researches have investigated predictions of the social complexity
hypothesis for communication in non-acoustic systems, however evidence has been
mixed (Peckre et al., 2019). For example, in visual communication, researchers found
that social factors have been linked to evolution of visually complex communication
systems in lizards (Ord & Garcia-Porta, 2012). In wasps, species with complex social
behaviors also are species with greater variability in facial markings (Tibbetts, 2004).
Group size was a good predictor of facial mobility, the variety of facial movements one
can produce, when comparing 12 nonhuman anthropoid species (Dobson, 2009).
However, it should be noted that group size did not influence complexity of facial
coloring in lemurs (Rakotonirina et al., 2017). In olfactory systems, there is contradictory
evidence for the hypothesis. Researchers found no link between sociality and complexity
of cuticular hydrocarbons in Hymenoptera (Kather & Martin, 2015). However, in bees,
there appears to be a link between sociality and complexity of sensory systems and
chemical signals (Wittwer et al., 2017). And, in an investigation including 8 species of
Eulemur, researchers found that females produced more complex olfactory signals in
multimale-multifemale groups, as opposed to species that live in less complex social
groups (delBarco-Trillo et al., 2012).
Despite the contemporary move to better understand the relationship between
social and vocal complexity, some questions remain. As raised above, one of the biggest
6

shortcomings in tests of the social complexity hypothesis is the way in which social
complexity is measured. Using group size as a proxy for social complexity is likely a
serious underestimate of group complexity. Although some studies have shown that
group size may be an important factor in social complexity, it surely cannot be the only
factor. Recently, there have been suggestions of alternative measures to group size to
measure social complexity. Freeberg, Dunbar, & Ord (2012) posit that complexity is
influenced by the “number of interacting individuals, the different types of those
individuals, and the nature and diversity of those interactions.” Specifically, they suggest
that when measuring the social complexity of a group, researchers should look at multiple
factors, including group size, density, number of roles, egalitarian structure and home
range size (Freeberg et al., 2012). Along this line of thought, Bergman and Beehner
(2015) proposed that social complexity should be measured by the number of
differentiated relationships, which are categorized by consistent and different interactions
between individuals. Keeping in mind the theoretical framework of social groups
suggested by Hinde (1976), studies of social complexity should be investigating
differences in groups beyond typical group size. This approach to go beyond group size
measures is the approach I will take in my proposed work.

Current Research
Study System
I used flocks of Carolina chickadees (Poecile carolinensis) to test questions of
how social variation affects differences in behaviors of individuals in groups. Carolina
chickadees are an ideal system to test questions of social and communicative complexity.
Carolina chickadees are small species of Paridae (chickadees, tits, and titmice) that
commonly occur in Southeastern North America (Harrap & Quinn, 1995). They have a
flexible social structure, with seasonal changes in their social complexity, due to the fact
that they form small, stable flocks of typically four to six birds in the over-wintering
months (Ekman, 1989; Krams et al., 2012; Morse, 1970; Mostrom et al., 2002). In
addition to their flexible social structure, Carolina chickadees also form flocks with other
species of Parids, like tufted titmice (Baeophus bicolor) (Morse, 1970). These two
species regularly interact with each other in flocks (Morse, 1970). In addition, the
presence of titmice is known to affect chickadee’s foraging behavior (Morse, 1970).
Chickadees and titmice also have a complex, open-ended calling system
(Freeberg, 2008; Hailman, 1989; Hailman et al., 1985; Hailman & Ficken, 1996; Krams
et al., 2012). They are known for their distinctive chick-a-dee call, which functions in
group cohesion (Hailman, 1989; Hailman & Ficken, 1996). This call is made up of
several notes that are known to follow general note ordering rules (Freeberg, 2008).
Despite rules of note ordering, the structure of the chickadee call is complex and diverse
(Bloomfield et al., 2005; Freeberg & Lucas, 2012a). Shannon information theory has
been used to measure bits of information in black-capped (Hailman et al., 1985) and
Carolina chickadees (Freeberg, 2006; Freeberg & Lucas, 2012a), and results indicate that
the information content conveyed in these calls is quite high. This suggests that
chickadees can convey a wide range of messages in their calls (Templeton et al., 2005).
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Note composition of chickadee calls is known to change due to different contextual
factors (Ficken et al., 1994; Hailman et al., 1985; Krams et al., 2012; Sturdy et al., 2007).
Carolina chickadee chick-a-dee calls, specifically, can reflect risk of a predator (Nolen &
Lucas, 2009; Soard & Ritchison, 2009), food availability (Mahurin & Freeberg, 2009),
and whether a caller is flying (Freeberg & Mahurin, 2013), just by changing the ratio of
“D” and “C” notes in a given call.
For these reasons, Carolina chickadees have become a useful system for testing
questions of social and vocal complexity. In support of the predictions of the social
complexity hypothesis, one study has found that larger flocks of Carolina chickadees
have calls with greater information content in their calls than do smaller flocks of
Carolina chickadees, in both field and in semi-naturalistic captive conditions that
experimentally manipulated group size (Freeberg, 2006). However, this study had some
limitations. First, it was pseudo-replicated (Freeberg & Lucas, 2009), because individuals
within flocks were treated as independent data points. Because subjects were in flocks
that contained other subjects, birds cannot be used as individual data points, as their
behavior is not independent of their flock mates. The true unit of analysis in this study
perhaps should have been the “flock”, and, unfortunately, this would make the sample
size of this study very small. Another limitation, which has already been discussed at
length above, is in using “group size” as the only metric for social complexity. In short,
we cannot know what group size really indicates in terms of differences in social
behavior here, because social behavior was not recorded or analyzed. Additionally, the
study could not distinguish “group size” from “group density” as the factor influencing
changes in call use. Finally, flocks used in the semi-naturalistic experimental part of this
study consisted of only Carolina chickadees. This represents an unrealistic flock. Studies
have shown that Carolina chickadees are usually found in winter flocks that consist of
other species of birds (Morse, 1970). To have flocks containing only Carolina chickadees
is not representative of the typical complexity of natural parid flocks. Because of these
limitations, more rigorous and comprehensive tests of the social complexity hypothesis
for communication are needed, to determine what social factors may influence
communicative behavior in this species. My dissertation work builds upon this work and
incorporates different measures of social influence, like audience effects and mixedspecies flock composition, onto various measures of communicative behavior. My main
hypothesis was that individuals in groups with stronger social bonds, larger social groups,
and in groups with a greater diversity of species, would behave with greater social and
communicative variability than individuals in smaller or monospecific groups. I tested
this hypothesis across 4 chapters.
Chapter 1
In Chapter 1, I manipulated familiarity of chickadee-only flocks to test for effects
of familiarization of social groups on behavior. I used group familiarization as a proxy
for groups with stronger social bonds. Flocks consisted of either four birds caught from
the same naturally occurring flock (familiar condition) or from different naturally
occurring flocks (unfamiliar condition). I then recorded calls produced by birds in each
condition and analyzed these calls for note type usage and information content. I
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predicted that individuals in familiar groups would produce calls with greater Zero- and
First-Order uncertainty than individuals in unfamiliar groups. I also predicted that
familiar flocks would have a different social structure than flocks of unfamiliar birds,
representing the assumed differences in social bonds between the flocks.
Chapter 2
In Chapter 2, I collected Carolina chickadees and tufted titmice from naturally
occurring flocks so that my experimental flocks varied in overall group size and in
specific composition of flocks, to test for effects of flock size and composition on
individual calling behavior. In this chapter, I used a playback paradigm to simulate
varying levels of risk by playing 6 different audio stimuli ranging from chickadee
mobbing calls to screech owl calls. I recorded calling behavior of birds five minutes
before and five minutes after each playback. Here, I tested for audience effects on
communicative behavior in both species. I predicted that individuals in larger groups
would call more after a risk-associated playback than individuals in smaller groups. I also
predicted that species in heterospecific flocks would call more after the risk-associated
playback than individuals in monospecific flocks.
Chapter 3
In Chapter 3, I used the same flocks as in Chapter 2, to collect focal observations
of flying, communicative, and socially affiliative (close-perching) behavior of birds in
flocks to test for effects of conspecific and heterospecific effects on a wider variety of
behaviors. In addition, I used a novel environment test to assess effects on internal
behavioral tendencies on behavior of birds in contrast to external social effects. I
predicted that the social environment would influence birds’ behavior. Following from
the results in Chapter 2, I predicted that birds would call, fly, and associate less in smaller
and heterospecific groups. I also predicted that bold birds would be less influenced by
these social variables than shy birds.
Chapter 4
In Chapter 4, I used the calls recorded in Chapter 2 and 3 to assess calling
complexity of chickadees as a function of the number of conspecifics and heterospecific
in the flock. I transcribed note type composition of all calls made by chickadees. I then
calculated the note transition probabilities for all calls in four different group
compositions (Small conspecific / Small heterospecific flocks = 0-1 other chickadees and
0-1 titmice; Small conspecific / Large heterospecific flocks = 0-1 other chickadees and
2+ titmice; Large conspecific / Small heterospecific flocks = 2+ other chickadees and 0-1
titmice; Large conspecific / Large heterospecific flocks = 2+ other chickadees and 2+
titmice). I then created weighted networks depicting the transitional probabilities between
different notes in a call. I calculated densities of networks and other descriptive statistics
to compare note networks of call in the different conditions. I predicted that notetransition networks of larger groups would be more-dense and contain more nodes than
note-transitions networks of smaller groups.
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I end the dissertation with a brief conclusion section to summarize the
overarching themes of this dissertation. First, this dissertation demonstrated that groups
that have different compositions of individuals don’t necessarily have different social
structures. If the underlying mechanism of the social complexity hypothesis for
communication is that it is the diversity of social relationships that drive the need for
complex communication, then studies testing predictions of the social complexity
hypothesis for communication in group of the same species need to measure social
interactions that may influence overall social structure. Additionally, this dissertation
found that asymmetries can exist in responses to group members of different species in
mixed-species flocks. Finally, this dissertation demonstrates that while overall notetransition probabilities and patterns may be conserved in this system, social differences
can influence some slight changes to note-transition probabilities.
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CHAPTER I
FLOCKMATE FAMILIARITY AFFECTS NOTE COMPOSITION
OF CHICK-A-DEE CALLS
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Abstract
Recent theory in animal communication predicts that a group’s communicative
complexity is connected to its social complexity. Social complexity has typically been
measured using group size as an index, with larger groups thought to be more complex
than smaller groups. However, group size alone does not account for other social
differences that could influence the diversity of interactions within a group that may
influence communication. In this study we asked if other social factors could influence
communicative behavior in groups by testing the influence of group composition in
Carolina chickadees, Poecile carolinensis. We recorded the vocal behavior of four wildcaught captive groups of familiar chickadees (birds caught from the same naturally
occurring flock), and four wild-caught captive groups of unfamiliar chickadees (birds
caught from all different naturally occurring flocks), and then analyzed vocalizations by
assessing the note-types birds used in their chick-a-dee calls. Flocks of familiar
chickadees used fewer introductory notes, more C notes, and fewer hybrid notes in their
calls compared to flocks of unfamiliar chickadees. Communicative complexity, measured
by Zero- and First-order uncertainty, did not differ between conditions. We conclude that
note composition of call, but not call complexity, varies with flock-mate familiarity.

Introduction
The social complexity hypothesis for communicative complexity predicts that
variation in a group’s communicative behavior is influenced by social complexity
(Freeberg et al., 2012). For example, primate species that reside in larger social groups
also possess larger vocal repertoires (McComb & Semple, 2005) and are more vocally
diverse (Bouchet et al., 2013) than primate species that reside in smaller groups. In
ground dwelling sciurids, species with more complex social groups use more alarm calls
than species with simpler social groups (Blumstein & Armitage, 1997; Pollard &
Blumstein, 2012). These studies demonstrate that social complexity is correlated with
communicative complexity in these groups.
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Typically, social complexity is determined by number of individuals, with larger
groups having greater social complexity than smaller groups. However, there may be
limitations to this approach when assessing social complexity. For one, researchers have
suggested that in addition to group size, variables like group density, different member
roles, and social structure may also influence the complexity of social groups (Freeberg et
al., 2012; Sewall, 2015). There has recently been a call to define social complexity by the
“number of differentiated relationships” in a group, which refers to consistent and
different interactions between group members (Bergman & Beehner, 2015). Similarly,
using repertoire size alone to measure vocal complexity is limiting, and studies may
benefit from using other communicative measures. For example, some researchers have
used Shannon information theory to measure the theoretical bits of information a
communicative system can convey (Freeberg, 2006). Research using measures of social
and vocal complexity other than group size and repertoire size can expand our
understanding of the relationship between social and vocal complexity.
To explore other social and vocal variables of complexity, we used Carolina
chickadees (Poecile carolinensis) as a model system to test if group composition, rather
than group size, can affect communicative behavior. Carolina chickadees are small parids
in North America that form small stable flocks of unrelated individuals over the winter
months (Morse, 1970). They use their chick-a-dee call throughout the year for social
cohesion (Freeberg & Lucas, 2012b). The chick-a-dee call comprises several different
note types (Hailman, 1989; Hailman et al., 1985; Hailman & Ficken, 1996), and usage of
different notes corresponds with different contexts (Freeberg, 2008). For example,
Carolina chickadees use more “D” notes per call to signify higher threat contexts (Soard
& Ritchison, 2009) and in the context of newly-found food (Mahurin & Freeberg, 2009).
Carolina chickadees have previously been used to study the social complexity
hypothesis for communication. Freeberg (2006) found that in both natural and
experimental flocks of birds, larger flocks had a great calling complexity, measured by
Zero- and First-order uncertainty (Hailman et al., 1985), than smaller flocks. However,
different compositions of flock members also affect calling behavior in this species.
Compared to experimental flocks that were composed of birds from different naturally
occurring flocks, individuals in experimental flocks that were composed of birds from the
same naturally occurring flock, called more quickly in threatening contexts, and were
more likely to call upon release from captivity (Coppinger et al., 2018). This suggests
that social variables beyond group size may affect calling complexity in this species.
We used the familiar flock / unfamiliar flock paradigm (as in Coppinger et al.,
2018), in which we kept group size constant while altering group composition, to test two
hypotheses about general communicative behavior in non-threatening contexts. The first
hypothesis (also a null hypothesis in this study) was that calling behavior of Carolina
chickadees was related to group size. If this were true, we predicted that social
manipulation of flocks would have no effect on calling behavior because the group size
of different flocks would be the same. Alternatively, our second hypothesis was that
calling behavior was driven partly by familiarity of group members. Here, we predicted
that flocks of familiar birds would have different calling behavior than flocks of
unfamiliar birds. We assessed calling behavior in two ways: by (1) assessing the note
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composition of chickadees’ calls, and (2) measuring the potential information conveyed
in calls to quantify vocal complexity.

Methods
We trapped 32 Carolina chickadees at the University of Tennessee Forest
Resources, Research, and Education Center (N = 30, Anderson County, TN) and at a
private residence (N = 2, Knox County, TN) in February and March 2016. These were the
same birds used in the above-mentioned study by Coppinger et al., (2018). Birds were
trapped at seed-baited platforms with treadle (Potter) traps. In our studies platforms are
routinely baited throughout the overwintering months with roughly 100 g of a 1:1 mix of
sunflower and black oil safflower seeds, roughly once every 10 days. Platforms were 400
meters away from other platforms, helping to ensure that there was only one natural flock
of birds at each platform given the flock territoriality of this population (BartmessLeVasseur et al., 2010). Bartmess-LeVasseur et al. (2010) found that only two (3%) out
of 62 color-marked chickadees were observed at more than one feeder separated by at
least 400 m. Once trapped, birds were released into size-replicated semi-naturalistic
outdoor aviaries where they were sorted into flocks of familiar and unfamiliar flocks,
each flock containing four birds. In total, there were four aviaries in this study. Aviaries
were situated such that birds in one aviary could not see birds in any of the three other
aviaries, however birds in an aviary could potentially hear birds in one of the other
aviaries but not the other two. Over the course of the study, each aviary housed a familiar
and an unfamiliar flock. Walls of aviaries were made of hardwire cloth, so that birds
inside the aviaries could see, hear, and interact with the natural environment. Inside
aviaries, birds engaged in species-typical over-wintering behaviors, like caching seed,
threat detection and evasion, and other flocking social behavior.
Flocks of familiar birds contained birds that were caught at the same platform and
on the same day, therefore coming from the same natural flock. Unfamiliar flocks
contained birds that were caught at different platforms on the same day, and thus were
very likely from different natural flocks, and assumed to have had no, or minimal, prior
flocking experience with each other. GPS marking of capture sites indicate that the
median (ranges) capture distances among the four capture sites for unfamiliar flocks were
910 (380 – 1600), 1400 (390 – 3000), 1400 (280 – 27,800), and 3000 (790 – 27,700) m.
Once captured, birds were uniquely banded to allow for individual identification inside
the aviaries. Altogether there were four flocks of familiar and four flocks of unfamiliar
birds. Each aviary only housed one flock of birds at a time. Aviaries had trees and other
vegetation inside, as well as ad-libitum seed and fresh water provided daily. Flocks
contained a roughly equal sex ratio, as estimated by bird wing-cord length. Based upon
recent genetic sexing of individuals and comparisons to wing-cord lengths, the median
likelihood of our being correct in sexing “females” in this study based upon wing-chord
length was 83% (range across different wing chord lengths = 20 – 100%) and in sexing
“males” in this study was 100% (range 67 – 100%).
Once in the aviaries, birds were given one week to acclimate to captivity and to
the observer. After the one-week acclimation period, recording trials began (these were
collected prior to the stimulus presentation trials in the Coppinger et al., 2018 study).
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Each recording trial consisted of one 10-min all-occurrences sample, followed by one 5min focal sample of each individual bird. There were 9 recording trials total per flock, so
that each bird was individually observed for 45 minutes in total. Only one recording trial
per flock was performed a day. The observer always sat in the same corner of the aviary
and commented on any instances of activity (flying, drinking, taking seed), social
behavior (affiliative or agnostic) and individual calling behavior. Trials were recorded
with a Sennheiser (Wedmark, Germany) ME-64 electret microphone and a Marantz
(Japan; D&M Professional) PMD660 Professional Solid State Recorder, using a sample
rate of 44.1 kHz and 16-bit resolution.
All recordings were viewed in spectrogram form using CoolEdit Pro version 2.0
(Syntrillium Software, Phoenix, AZ). Calls were coded by bird and for number of
Introductory (A, E, and B), number of C, number of Dh, and number of D notes/call
(Freeberg, 2008). From these codings, we determined for each individual bird’s sample
of calls its proportion of Introductory, C, Dh, and D notes per call, and its Zero-order and
First-Order Uncertainty (bits of information) using the UNCERT program (Hailman et
al., 1985).
JD coded all the calls in this study in terms of note composition. TF
independently coded a random sample of 348 calls (9 % of the total sample of 3769 calls)
to assess inter-rater reliability, and reliability was high (the lowest kappa statistic was for
C notes = 0.886; N = 80 calls containing at least one C note). A principal components
analysis was run on all dependent variables using Varimax rotation, to account for
correlations between variables. A mixed-model ANOVA was run with PC scores as
dependent variables, condition (familiar/unfamiliar) as a fixed effect, and the 8 flocks as
a random effect. Residuals of the ANOVA models were normally distributed.
PCA dimension reduction grouped call variables into three different principal
components that together explained 87.8 % of the total variance. PC1 explained 42.9 %
of the variance. Both Zero-order uncertainty (+0.896) and First-order uncertainty
(+0.788) measures loaded positively onto PC1, while proportion of D notes (-0.821)
loaded negatively, indicating that PC1 represents information content of calls. PC2
explained 25.6 % of the variance. The proportion of Introductory notes (-0.943) loaded
negatively onto PC2, and proportion of C notes (+0.683) loaded positively, indicating
that PC2 scored were associated with calls given during contexts involving flight
behavior. PC3 explained 19.4 % of the variance; proportion of Dh notes (+0.954) loaded
onto this principal component.
Since familiarity of flocks was assumed to influence relationships of bird in
flocks, we tested if social structure of flocks differed between conditions. To do this, we
calculated association matrices of close perches between birds for each flock. Close
perches were not directional. We arranged association rates from most to least social bird,
then used Matlab with the Kullback-Leibler Divergence package (Razavi, 2020) to
calculate the Kullback-Leibler Divergence between association matrices of each
combinations of flocks. We then compared the divergence scores for familiar flocks to
those from unfamiliar flocks using a two-sample t-test in Matlab. This allowed us to
quantitatively test whether association patterns of flocks of familiar birds differed from
flocks of unfamiliar birds.
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Results
We did not detect an effect of flock condition on PC1 scores (F1,24 = 0.003, p =
0.957; Figure 1), suggesting no difference in overall note diversity (hypothetical
information) or D note usage between familiar and unfamiliar flocks. PC2 scores were
higher for birds in familiar compared to unfamiliar flocks (F1,24 = 6.230, p = 0.020; Figure
1). Thus, birds from familiar flocks generally used a lower proportion of Introductory
notes and a higher proportion of C notes in their calls. Birds in unfamiliar flocks had
higher PC3 scores than birds in familiar flocks (F1,24 = 5.330, p = 0.030; Figure 1). Birds
from familiar flocks generally used a lower proportion of hybrid D notes per call than
unfamiliar birds.
We used a general linear model (SPSS 23) to test for differences in rates of
activity (flying behavior, taking seed, drinking), social behavior (affiliative associations,
chases, supplants) and calling between familiar and unfamiliar flocks. There was no
difference in general activity rates between familiar and unfamiliar flocks (Flight:
F1,16=.289, p=.595. Seed taking: F1,16=.036, p=.851. Drinking: F1,16=.029, p=.865). There
was no difference in rates of social behavior between familiar and unfamiliar flocks
(Affiliative associations: F1,16=.002, p=.961. Chases: F1,16=.556, p=.462. Supplants:
F1,16=.019, p=.892). Finally, there was no difference in general calling rates between
familiar and unfamiliar flocks (F1,16=.425, p=.520). In addition flocks of familiar birds
did not differ from flocks of unfamiliar birds in their Kullback-Leibler divergence scores
(t(10)=-0.3177, p=.7572). See Figure 3 for a visual depiction of the association networks
of birds in familiar and unfamiliar flocks.

Discussion
We detected no difference in call complexity between birds of familiar compared
to unfamiliar flocks, as measured by Zero- and First-order Uncertainty (PC1). Although
we remain cautious in our interpretation given the negative finding and small sample size
in our study, these results may suggest that these call “information” measures are
sensitive to group size rather than flock familiarity (Freeberg, 2006). However, we also
did not find a difference between associations patterns in flocks, indicating that social
structure may not have been different between conditions. This is potentially another
reason why we did not find a difference in information content of calls made in the
familiar and unfamiliar conditions. This finding may indicate that in this social system,
group size is a good indicator of social complexity, since group size of chickadee flocks
has been linked to increasing communicative complexity 0/0/0000 0:00:00 AM. Despite
our small sample sizes, however, we detected differences in calling behavior, such that
familiar birds used fewer Introductory notes, more C notes (PC2), and fewer hybrid D
notes (PC3) per call. Flocks of familiar birds did not differ in rates of activity, social
behavior, or calling, so those behaviors cannot explain this difference. Therefore, we take
this as evidence that flock familiarity is a variable that affects note composition of calls in
groups.
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Figure 2. Chick-a-dee call principal component scores for chickadees in familiar flocks
(filled symbols) and for chickadees in unfamiliar flocks (open symbols). Symbols are
means and error lines are 95% confidence intervals. Higher PC1 scores correspond with
higher Zero-order and First-order uncertainty and lower proportions of D notes in calls.
Higher PC2 scores correspond with lower proportions of Introductory notes and higher
proportions of C notes in call. Higher PC3 scores correspond with higher proportions of
Dh notes in calls. * p < 0.05.
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Figure 3. Depiction of social networks of Familiar and Unfamiliar flocks. Each network
represents 1 flock. Nodes are representative of an individual birds in that flock Nodes are
scaled as the sum of edges of a node, such that a more social bird is represented by a
larger node. Edges represent affiliative interactions between two birds. Edges are
weighted based on relative degree of associations in a particular flock. Social structure, as
measured by divergence scores, did not differ between Familiar and Unfamiliar flocks.
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Carolina chickadees produce C notes commonly (though not exclusively) in calls
that are given while flying, which has led researchers to link C note usage to contexts of
flight (Freeberg & Mahurin, 2013). Our earlier study found that birds from familiar
flocks were more likely to call in flight upon release at the end of a study, compared to
birds from unfamiliar flocks (B. A. Coppinger et al., 2018). In our current study, birds in
familiar flocks had higher PC2 scores than birds in unfamiliar flocks, and higher PC2
scores were associated with a higher proportion of C notes produced in calls. However,
birds in familiar flocks flew at similar rates to birds in unfamiliar flocks, so general flight
rates cannot explain this difference. Instead, perhaps birds from familiar flocks were
more likely to signal about movement or flight to facilitate flock cohesion, though further
studies (including playback experiments) are needed to test this possibility.
Introductory note usage has been associated with the presence of predators. Soard
and Ritchison (2009) found that Carolina chickadees use more introductory notes in
contexts with large, low-threat predators, and less introductory notes in contexts with
smaller, high-threat predators. Similarly, Sieving et al., (2010) found that the related
tufted titmouse (Baeolophus bicolor) also uses more introductory notes in response to
low threat predators, and less introductory notes to high threat predators. In this study, we
found that familiar flocks of birds use a lower proportion of Introductory notes than
flocks of unfamiliar birds, although we did not manipulate threat in this study. Perhaps
this indicates that individuals from unfamiliar flocks experienced more stress from being
with unfamiliar flockmates, and this manifested as a context of higher threat, resulting in
a lower proportion of Introductory notes per call.
Our findings have implications for the way we study the relationships between
social and vocal complexity. Many studies use group size as a proxy for social
complexity (Bergman & Beehner, 2015). However, our study demonstrated that different
measures of social complexity, beyond simply group size, have different effects on vocal
behavior and the diversity of signals produced. Similarly, Freeberg et al., (2012)
hypothesized that group composition, group density, member roles, egalitarian structure,
and home-range size are social variables that may influence communicative complexity
of groups. In addition, Pollard & Blumstein, (2012) suggest that, in addition to group
size, social bond strength, demographic role variability, reproductive variability and type
of mating system are also social complexity variables that may influence communicative
complexity of groups. Many studies of the link between social and communicative
complexity focus on comparing across species, however different social variables may be
important to consider when comparing social groups within species. We propose that
more studies should take into account a wider variety of social metrics and their impacts
on different vocal behaviors.
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CHAPTER II
EXPERIMENTAL MANIPULATION OF MIXED-SPECIES FLOCKS
REVEALS HETEROSPECIFIC AUDIENCE EFFECTS ON
CALLING
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Abstract
Animal signalers are subject to audience effects when they alter communication
due to changes in the presence or characteristics of receivers. Studies aimed at
understanding audience effects have typically examined effects of conspecific audiences
on signaler communication. Less work has focused on heterospecific audiences, which
present an important avenue of research for species that participate in mixed-species
groups. Here, we experimentally tested mixed-species flocks of Carolina chickadees
(Poecile carolinensis) and tufted titmice (Baeolophus bicolor) for conspecifics and
heterospecific audience effects. Birds were trapped from naturally-occurring flocks and
held in semi-natural outdoor aviaries, where we recorded calling. We found that
chickadees and titmice were sensitive to the number of conspecifics in flocks when
communicating via chick-a-dee calls, which are social cohesion calls produced by both
species. Chickadees also were sensitive to the number of titmice in flocks, but chick-adee calling behavior in titmice did not differ with regard to the number of chickadees in
flocks. Further, when subject to playbacks of simulated risk, chickadees and titmice
produced more chick-a-dee calls when more titmice were in a flock. After these
playbacks, chickadees produced less chick-a-dee calls with increasing numbers of
conspecifics in flocks, whereas titmice produced more chick-a-dee calls with increasing
numbers of conspecifics in flocks. These results suggest that chickadees and titmice are
sensitive to social factors within their mixed-species flocks when communicating, and
that chickadees appear more sensitive to heterospecific presence than do titmice. We
suggest this may be due to the dominance status of the species in these flocks, where
titmice are typically dominant over chickadees.

Introduction
An “audience effect” occurs when animal signalers alter properties of their
communication in response to differences in the presence, characteristics, or composition
of receivers (Coppinger et al., 2017; Karakashian et al., 1988; Zuberbühler, 2008). For
example, male house mice (Mus musculus) call more as a response to female odor if other
males are in the area, and males also change the acoustic structure and syllable
complexity of their vocalizations (Seagraves et al., 2016). The size of the surrounding
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audience can also affect communication. For example, green woodhoopoe (Phoeniculus
purpureus) give longer rally displays when in larger groups (Radford, 2003).
Understanding audience effects is important for two reasons. First, audience effects
suggest that signalers have volitional control over signal production (Townsend et al.,
2017). Second, in some instances, audience effects suggest that some signalers are aware
of, and take into account, the perceptual states of receivers when communicating
(Coppinger et al., 2017). However, fewer studies focus on the effect of audience
composition per se on signaler behavior.
Audience composition is particularly important in social systems such as mixedspecies groups where audiences can vary greatly not only in size, sex and age structure,
but also in the distribution of species in the group (Goodale et al., 2017). Indeed,
heterospecific communication can be a critical factor in the formation and maintenance of
mixed-species groups (Goodale et al., 2010). Correlational evidence exists for mixedspecies audience effects in flocks of birds. For example, willow tits (Poecile montanus)
produce fewer long calls (a call used in flock recruitment) when heterospecific
flockmates are in the area (Suzuki, 2012). Forked-tailed drongos (Dicrurus adsimilis)
also vary calls relative to the heterospecifics present in their audience and produce more
terrestrial alarm calls when foraging with pied babblers (Turdoides bicolor) compared to
when they are foraging alone (Ridley et al., 2007). By investigating how the presence of
one species influences the vocal production of another in mixed-species groups, we can
better understand the structure and function of those groups and whether heterospecifics
may sometimes be the target of signaling or are just unintended eavesdroppers.
The above examples focus on the presence or absence of heterospecifics in the
audience, but researchers did not manipulate heterospecific presence or composition of
mixed-species groups. Experimental approaches are needed to assess the causal role of
audience composition of mixed-species groups on signaler behavior. Mixed-species
flocks of Carolina chickadees (Poecile carolinensis) and tufted titmice (Baeolophus
bicolor) represent a powerful opportunity for experimental studies of mixed-species
group audience effects for several reasons. First, for several months over winter, these
birds naturally reside in mixed-species groups in which they are the core members
(Morse, 1970). These mixed-species flocks in the northern ranges often include satellite
species, such as nuthatches and woodpeckers. Diversity of flock participants increases to
the south, where up 10 or more species may participate, including kinglets, creepers,
warblers, and vireos (Contreras & Sieving, 2011; Dolby & Grubb jr, 1998a; Farley et al.,
2008; Morse, 1970). In these flocks, titmice are dominant over chickadees (Waite &
Grubb Jr, 1988), and the presence of titmice has negative foraging consequences for
chickadees (Cimprich & Grubb, 1994). However, both chickadees and titmice were more
likely to solve a novel feeder problem to gain food resources when they were in flocks
that contained a greater diversity of heterospecifics (titmice and white-breasted
nuthatches for chickadees; chickadees and nuthatches for titmice), when compared to
flocks with a lower diversity of species, like monospecific flocks (Freeberg et al., 2017).
Additionally, as is the case with many mixed-species parid flocks, there is considerable
variation in composition of chickadee and titmouse flocks across the geographical ranges
of the species (personal observations; see also (Ekman, 1989).
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Second, both species use a complex, open-ending calling system (the chick-a-dee
call) that functions in social recruitment and cohesion (Mahurin & Freeberg, 2009;
Randler, 2012). The chick-a-dee call is made up of serval distinct note types and note
composition of calls due to different contexts (Indrikis Krams et al., 2012). Carolina
chickadees chick-a-dee calls can reflect risk of a predator (Nolen & Lucas, 2009; Soard
& Ritchison, 2009), food availability (Mahurin & Freeberg, 2009), and whether a caller is
flying (Freeberg & Mahurin, 2013) by changing the ratio of “D” and “C” notes in their
calls. Chickadees, tits, titmice, and associated species that occur in mixed-species flocks
with one another attend to variation in one another’s calls (Randler & Vollmer, 2013;
Templeton & Greene, 2007). Previous work on this calling system demonstrated that
chickadee signaling behavior is influenced by the surrounding audience. For example,
Carolina chickadees produce more complex calls when in larger conspecific groups
(Freeberg, 2006). Chickadees also call sooner in response to threats and produce different
note compositions of calls when in flocks of familiar conspecifics as compared to flocks
of unfamiliar conspecifics (Coppinger et al., 2018, 2019). Even though there is evidence
that chickadees are sensitive to group size and composition of individuals in chickadeeonly flocks, we still do not know what types of audience effects are present in mixedspecies flocks containing these birds. However, there is correlational evidence that
chickadees and titmice vary their calling behavior in the presence of heterospecifics when
engaged in mobbing a predator (Nolen & Lucas, 2009).
Objectives
In this study, we examined two main research questions. First, we sought to
determine what types of mixed-species flock structure influence calling behavior in
chickadees and titmice. Specifically, we tested for conspecific and heterospecific
audience effects in mixed-species flocks. Second, we sought to determine if the audience
effects present in flocks change after flocks were exposed to simulated risk. We
simulated risk by presenting flocks with various auditory stimuli that varied in potential
risk. We tested a number of hypotheses to explain signaling in relation to variation in size
and composition of groups (summarized in Table 1):
H1. Social Facilitation. Calling behavior may be enhanced by the presence of
both conspecifics and heterospecifics in mixed-species flocks. Research in human social
psychology demonstrated that communicative behavior of individuals is enhanced when
in the presence of familiar individuals (Buck et al., 1992). Similarly, male domestic
chickens (Gallus gallus domesticus) call at higher rates in a food context when females
are in the immediate environment compared to when alone (Evans & Marler, 1994). In
the current experiment, if birds are subject to social facilitation, we would expect birds to
call more in the presence of greater numbers of conspecifics and heterospecifics.
Increased calling in the context of more conspecifics or more heterospecifics, or both,
might be expected if signalers benefit by providing more information or by better
managing the behavior of others through signaling in those larger groups (e.g., pant-hoots
and gestures in chimpanzees, Pan troglodytes, Roberts & Roberts, 2016; whinny
vocalizations in female spider monkeys, Ateles geoffroyi, Dubreuil et al., 2015).
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Table 1. Hypotheses tests with experimental flocks varying in size and species composition. For
more detailed discussion of each hypothesis, see text.
Hypothesis
Social
Facilitation

Pre-Stimulus Predictions
Conspecific: Birds call more with
more conspecifics present in flocks.

Post-stimulus predictions
Conspecific: Birds call more
with more conspecifics present
in flocks.

Heterospecific: Birds call more
with more heterospecifics present
in flocks.

Heterospecific: Birds call more
with more heterospecifics present
in flocks.

Conspecific: Birds call less with
more conspecifics present in flocks.

Conspecific: Birds call less with
more conspecifics present in flocks.

Heterospecific: Birds call less with
more heterospecifics present in
flocks.

Heterospecific: Birds call less with
more heterospecifics present in
flocks.

Oddity
Effect

If species X is proportionally rare
in a mixed-species flock, birds of
that species will call less than if
species X is proportionally
common in mixed-species flocks

The effect of calling less when
proportionally rare is stronger in
contexts of potential risk

Dilution
Effect

Minimal effect of conspecific or
heterospecific presence on ambient
calling rates

Birds call more in larger flocks than
birds in smaller flocks; birds in
heterospecific flocks call more than
birds in same-sized monospecific
flocks

Social
Inhibition
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H2. Social Inhibition. Counter to social facilitation is social inhibition or social
loafing where the presence of others suppresses behavior. Work in social psychology
demonstrated that individuals decreased the number of body movements and
paralinguistic vocalizations in the presence of another person, and that this effect
disappeared when observers could not watch the subject (Guerin, 1989). Male chickens
display social inhibition effects by reduced calling when rival males are in the immediate
environment (Marler et al., 1986). Here, we would expect that if individuals are subject to
social inhibition, they will call less with increased numbers of conspecifics and
heterospecifics. Decreased calling in the context of more conspecifics or more
heterospecifics, or both, might be expected if signalers suffer increased rates of
aggression in response to signaling in those larger groups (e.g. pant-grunts by female
chimpanzees with larger numbers of males nearby, Laporte & Zuberbühler, 2010).
H3. Oddity Effect. The oddity effect predicts that individuals that are
conspicuous or unusual looking in a group may be preferentially attacked by predators
(Krause et al., 2002; Landeau & Terborgh, 1986). Conspicuous individuals in
heterospecific groups could be those of the minority species, since they may stand out
more compared to individuals of the majority species. If individuals in mixed-species
flocks of chickadees and titmice behave according to the oddity effect, conspicuous
individuals should behave in a way that draws less attention to themselves in the flock.
Therefore, we predict that chickadees would call less as they become proportionally rarer
in flocks containing titmice, and titmice would also call less when they become
proportionally rarer in flocks containing chickadees, and that this effect would be most
evident in calling after simulated risk.
H4. Dilution Effect. Mixed-species flocks of birds may be subject to a dilution
effect. In the dilution effect, the probability of an individual being attacked by a predator
declines as the size of the group increases (Krause et al., 2002). The dilution effect, in
addition to the many-eyes effect, explains why individual vigilance behavior decreases as
group size increases (Roberts, 1996). Under this hypothesis, individuals should call more
with increasing numbers of chickadees and titmice, specifically in conditions of increased
risk, under the assumption that calling in risky contexts increases the caller’s likelihood
of predation (e.g., increased predation in crested tits, Parus cristatus, Krams, 2001;
increased nest predation in pied flycatchers, Ficedula hypoleuca, Krams et al., 2007).
Additionally, mobbing intensity of both chickadees and titmice increased with presence
of heterospecifics in flocks (Nolen & Lucas, 2009). For this reason, we predicted to see
strong heterospecific audience effects.

Methods
Subject Collection
Subjects were trapped and individually color-banded at various sites around the
University of Tennessee Forest Resources, Research, and Education Center (UTFRREC)
from October 2016 to March 2017 and from September 2017 to February 2018. Sites
contained treadle (Potter) traps mounted on feeding stations baited with black oil
sunflower and safflower seeds. All sites were at least 400 m apart, to ensure each site
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sampled from a unique flock of chickadees and titmice (Bartmess-LeVasseur et al.,
2010). Birds were captured from each site within a 2-hour period to help further ensure
that we captured birds from the same natural flocks. We trapped and banded 58
chickadees (31 in year one, 27 in year two) and 59 titmice (44 in year one, 15 in year
two) over our 2-year study. Together, these formed 28 different flocks (17 in year one, 11
in year two) that spanned a wide range of sizes and species compositions (Figure 4),
likely representing a random subset of wild flocks.
We took blood samples from each bird for sex identification. Blood samples were
refrigerated and transported to the University of Tennessee College of Veterinary
Medicine. Molecular sex was determined using PCR amplification of chromo-helicase
DNA-binding (CHD) genes (Griffiths et al., 1996) with modifications (Boutette et al.,
2002).
Housing
Birds were transported from their site of capture to semi-naturalistic outdoor
aviaries at the UTFRREC. Experimental flocks contained birds trapped from the same
natural flock, as previous research has demonstrated flocks of unfamiliar birds
communicate differently than flocks of familiar birds (B. A. Coppinger et al., 2018,
2019). There were 6 aviaries that each measured 6 m x 9 m x 3.5 m high. Each aviary had
a covered portion and an indoor section so that birds could escape inclement weather.
Birds had access to fresh water and ad libitum black oil sunflower and safflower seed and
were provided with mealworms and waxworms roughly every other day.
Birds were given at least 7 days to acclimate to the aviaries and to the observer
present in the aviaries (see below). During the acclimation period, the observer sat in a
designated observation corner and spoke aloud for 5-10 minutes, allowing birds to
acclimate to the experimental procedure. Birds were generally housed in the aviaries for 4
weeks, although this housing period was slightly longer if weather conditions delayed
data collection. At the end of the experiment, birds were captured in treadle traps in their
aviaries and released at their original site of capture.
Experimental Protocol
We conducted experimental trials between 0830 and 1500 (EST). On trial days, a
single observer entered the aviary, set up the audio recording equipment and sat in a
designated corner to observe the birds. We connected a Sennheiser ME-64 electret
microphone, located on a microphone stand in the middle of each aviary for all
recordings, to a Marantz PMD660 Professional Solid State Recorder. Sample rate of the
recordings was 44.1 kHz with 16-bit resolution.
Each flock experienced six separate trials, with no more than one trial per day.
Each trial included a playback of one of six different auditory stimuli, to represent a
gradient of threat.: (1) Eastern screech-owl (Megascops asio) calls, (2) screech owl calls
with overlapping Carolina chickadee and tufted titmice mobbing calls, (3) Tennessee
Carolina chickadee and tufted titmouse D-note calls, (4) Florida Carolina chickadee and
tufted titmouse D-note calls, (5) Tennessee Carolina chickadee gargle calls, (6)
Tennessee Carolina chickadee alarm (Z-note) calls. Screech owls are natural predators of
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Figure 4. Variation in species composition of experimental flocks.
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chickadees and titmice, who react strongly to auditory and visual stimuli of the owls
(Nolen & Lucas 2009), so stimulus (1) represented high risk. Chickadees and titmice
produce mobbing calls when a perched but dangerous predator is detected (Hetrick &
Sieving, 2012; Indrikis Krams et al., 2012), so stimulus (2) also represented high risk.
Mobbing calls in these species comprise mostly D notes (Bartmess-LeVasseur et al.,
2010; Courter & Ritchison, 2010; Nolen & Lucas, 2009; Soard & Ritchison, 2009), so
playback stimuli (3) and (4) likely indicated elevated risk: mobbing but with no
indication of a predator. Chickadee gargle calls are often used in conspecific contexts of
aggression (Millicent S. Ficken et al., 1978) so stimulus (5) likely represented a moderate
level of non-predatory risk. Chickadee Z-note calls are used in contexts of high alarm, as
when an avian predator flies through the area where a flock is foraging (Zachau &
Freeberg, 2012), so stimulus (6) likely represented highest risk (Hetrick & Sieving, 2012;
H. H. Jones & Sieving, 2019). We presented one stimulus playback per trial; flocks
received all six stimuli (drawn in random order) but only one trial per 24 hours. For each
stimulus / trial, we drew one of two examples of each stimulus recording randomly (to
minimize pseudoreplication).
We defined three trial phases: PRE, STIM, POST. The PRE (pre-stimulus) phase
lasted 5-min. The STIM (stimulus) phase lasted 1-min during playback broadcast.
Finally, the POST (post-stimulus) phase lasted 5-min. We analyzed the production of
chick-a-dee calls using 2 or more notes. We were primarily interested in rates of chick-adee call production as call rates are sensitive to predator- and threat-related contexts
across a wide range of studies (Bartmess-LeVasseur et al., 2010; Courter & Ritchison,
2010; Nolen & Lucas, 2009; Soard & Ritchison, 2009; Templeton et al., 2005). The
observer did not count any gargles, high z-notes (alarm calls), contact notes, or songs
produced by experimental birds. Calls were observed ad libitum during the three trial
phases, meaning anytime a call was produced, the observer noted which color-banded
individual produced the call aloud on the audio file. Calls were marked as “unknown”
when they were produced by a bird who could not be individually identified. Calls
produced from unknown callers were not included in the present analyses. We broadcast
stimuli using an iHome speaker (model iBT33, SDI Technologies Inc., China) mounted
2.5 m high in the aviary, and set speaker playback output to ~75 dB SPL at 1 m from the
speaker (based on Mahurin & Freeberg, 2009).
Analysis
BC coded all the data. TF independently coded a subset of the total set of sound
files (11%) to assess interrater reliability. We used Spearman Rank Correlation to
determine the agreement between two coders. Number of titmouse calls each coder
transcribed had high interrater reliability (rs = 0.998, N = 16 titmice). The number of
chickadee calls each coder transcribed also had high interrater reliability (rs = 0.993, N =
21 chickadees).
We performed two analyses on the data set to test for (1) general (pre-stimulus)
audience effect, and for (2) audience effects as a response to sound-induced risk.
1. General audience effects
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We ran two separate generalized linear mixed models (one for chickadees and one
for titmice; Proc GLIMMIX in SAS 9.4) to identify any audience effects present in the
PRE interval. We used a Poisson response distribution with a log-link function since the
number of calls represents relatively small count data. Bird identification (identified by
individual bird bands) was used as a random factor to account for repeated
measurements. Number of conspecifics, number of heterospecifics, and sex of caller were
treated as main effects. Number of conspecifics and number of heterospecifics were
calculated relative to an individual bird in a flock, and this was done for all flock
members. Sex of caller was based on results from the molecular sexing. We initially
included all possible two-way and three- way interactions and squared terms for number
of conspecifics and number of heterospecifics to test for non-linear effects of these
variables in the models. We removed non-significant higher-order interactions and
squared terms from models from lowest to highest F statistic. After the removal process,
the final chickadee model for calls made in the PRE phase included all main effects and
no interactions or squared terms, since none were significant (all P>0.05). The final
titmouse model for calls made in the PRE phase also only included main effects; there
were no significant interactions or squared terms (all P > 0.05). All analyses were run in
SAS (9.4), and figures were made in SPSS (25.0), using means of log transformed counts
and 95% CIs.
2. Audience effects on response to risk-related playback stimuli
Similar to the analyses done for general audience effects, we ran two separate
generalized linear mixed models (Proc GLIMMIX in SAS 9.4) to assess factors
influencing the number of vocalizations given during the POST phase (addressing our
second research question). Again, we used a Poisson response distribution with a log-link
function and individual bird was used as a random factor to account for repeated
measurements. Here, main effects included number of conspecifics, number of
heterospecifics, sex of caller, stimulus type, and the number of calls produced by the
focal bird in the PRE phase (i.e. a metric for baseline calling rate). All possible two-way
interactions and squared terms for number of conspecifics and number of heterospecifics
were initially included in both chickadee and titmouse models. The number of PRE
phase calls was log transformed to normalize model residuals. We removed nonsignificant higher-order interactions and squared terms from models from lowest to
highest F statistic. The final chickadee model included all main effects and the squared
number of heterospecifics term; there were no significant interactions. The final titmouse
model only included all main effects and the squared number of heterospecifics term, and
an interaction between number of conspecifics and pre-stimulus call counts. All analyses
were run in SAS (9.4), and figures were made in SPSS (25.0), using means of log
transformed counts and 95% Cis.
Ethical Note
We have adhered to animal care guidelines (as published by the Association for
the Study of Animal Behaviour and the Animal Behavior Society) as well as our own
university’s Institutional Animal Care and Use Committee (Protocol #1326). Birds were
humanely captured from wild population with seed-bated treadle traps. To avoid undue
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stress, birds were released inside semi-natural outdoor aviaries within an hour after their
capture and were held there for the duration of the experiment (roughly 4 weeks). In
captivity, birds were provided with ad libitum food and fresh water daily. In addition,
birds had access to an indoor enclosure to escape inclement weather, if desired. Birds
were monitored daily even if experimental trials did not occur that day. Beyond noninvasive, observational experimental trials and daily maintenance of food reserves, birds
were left alone to avoid undue stress. All birds were released at their original site of
capture after the experiment ended.

Results
General Audience Effects: Calls made in the PRE-stimulus phase
1. Chickadees
Chickadees produced fewer calls when more chickadees were in the flock, as
compared to when fewer chickadees were in the flock (F1,54 = 15.91, p = 0.0002, model
estimate = -0.471 ± 0.118 SE; Figure 5a). Chickadees also called less with increased
number of titmice in the flock (F1,54 = 5.89, p = 0.0186; model estimate = -0.255 ± 0.105
SE; Figure 5b). The lack of significant interaction between the number of conspecifics
and number of heterospecifics in a flock indicates that the influence of additional
chickadees and titmice was additive, not relative to proportion of each species in a flock.
Additionally, there was no effect of sex of caller on the number of calls individual
chickadees produced (F1,54 = 0.01, p = 0.914)
2. Titmice
Titmice produced fewer calls with increased numbers of titmice in a flock (F1,55 =
15.64, p = 0.0002; model estimate= -0.705 ± 0.178 SE; Figure 6a). In contrast to
chickadees who demonstrated a heterospecific audience effect, there was no significant
effect of the number of chickadees in a flock on titmouse calling rates (F1,55 = 1.50, p =
0.225; model estimate = -0.160 ± 0.130 SE; Figure 6b). Like chickadees, the effects of
conspecifics and heterospecifics on calling rates were additive; calling rates were not
affected by the relative number of each species in a flock. Finally, there was no effect of
sex of caller on number of calls produced in titmice (F1,55 = 1.75, p = 0.192).
Audience effects in response to risk-related playback stimuli
1. Chickadees
There was no effect of stimulus type on post-stimulus calling rates in chickadees
(F1,333 = 0.46, p = 0.496). However, chickadees that called more before stimulus
presentations also called more after the stimulus presentations (F1,333 = 67.03, p < 0.0001;
model estimate = 2.020 ± 0.247 SE; Figure 7). Similar to patterns present in the general
call analysis, chickadees produced fewer calls after stimulus playbacks when flocks
contained more (as opposed to fewer) chickadees (F1,333 = 3.89, p = 0.0495; model
estimate = -0.144±0.073 SE; Figure 8a). However, chickadees produced more calls after
the stimulus with a small number of titmice in a flock compared to when titmice were
absent (F1,333 = 5.83, p = 0.0163; model estimate = 0.522 ± 0.216 SE; Figure 8b); this
effect decreased as titmouse flock size increased, as indicated by a trending negative
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Figure 5. Number of chick-a-dee calls produced by chickadees during the pre-stimulus
period as a function of the number of conspecific chickadee (a) and heterospecific
titmouse (B) flockmates. Data points represent a single observational trial for each bird
(with 6 trials per bird maximum), solid lines are lines of best fit, and dashed lines
represent upper and lower bounds of 95% CIs. Darker borders around circles indicate
more data points for that number of calls
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Figure 6. Number of chick-a-dee calls produced by titmice during the pre-stimulus
period as a function of the number of conspecific titmouse (a) and heterospecific
chickadee (B) flockmates. Data plotted as in Figure 5
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Figure 7. Calling rates after stimulus presentations as a function of calling rates before
stimulus presentations for chickadees. Data points represent a single observational trial
for each bird (with 6 trials per bird maximum). Solid line is line of best fit, and dashed
lines represent bounds of 95% CIs.
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Figure 8. Number of chick-a-dee calls produced by chickadees during the post-stimulus
period as a function of the number of conspecific chickadee (a) and heterospecific
titmouse (B) flockmates. Data plotted as in Figure 5.
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effect of the number of titmice squared (F1,333 = 3.73, p = 0.0541; model estimate = 0.0854 ± 0.0442 SE; Figure 8b). There was no effect of sex of caller (F1,333 = 0.46, p =
0.804) on calls produced by chickadees after stimulus presentations
2. Titmice
There was no significant effect of stimulus type on calling rates of titmice after the
stimulus presentation (F1.336 = 0.67, p = 0.645). Titmice that called at a higher rate before
the stimulus presentations generally tended to call at a higher rate after the stimulus
presentations (F1.336 = 15.10, p < 0.0001; model estimate = 1.180±0.304 SE; Figure 9).
However, this effect was complicated by a significant interaction between the effect of
calls made before stimulus presentations and the number of titmice in the flock (F1.336 =
8.65, p = 0.0035; model estimate = 0.464 ± 0.158 SE): thus the effect of pre-presentation
call rates on call rates after the presentation was greater the more titmice there were in the
flock. The effect of conspecific flock size on call rates during the stimulus presentation
(titmice call less with increasing number of titmice in the flock) was also complicated by
this interaction term (main effect of conspecific flock size on call rate during stimulus
presentation: F1.336 = 13.14, p = 0.0003; model estimate = -0.528 ± 0.146 SE; Figure 10a).
In this case, titmice that called more before the presentation called even more if they were
in larger titmouse flocks, but birds that called less before the presentation called even less
if they were in larger titmouse flocks. Additionally, titmice called more with increased
numbers of chickadees in the flock (F1.336 = 4.63, p = 0.0322; model estimate = 0.495 ±
0.230 SE; Figure 10b), although this relationship peaked at 4 chickadees as indicated by a
significant squared term (F1.336 = 4.38, p = 0.0372; model estimate = -0.116 ± 0.056 SE;
Figure 10b). There was no effect of caller sex on calling rates in titmice after stimulus
presentations (F1.336 = 3.21, p = 0.0741).

Discussion
We tested for mixed-species group audience effects on vocal signaling by
experimentally manipulating the number of chickadees and titmice present in flocks. We
sought to determine what types of audience effects influenced calling behavior in
chickadees and titmice in mixed-species flocks. We found that both chickadees and
titmice displayed conspecific audience effects. Whereas chickadees demonstrated
heterospecific audience effects in general calling conditions, titmice did not seem
affected by the presence of chickadees. In addition, we used 6 different types of auditory
playback stimuli to represent a gradient of threat, and surprisingly we found no difference
in response to different playbacks. Chickadees and titmice both demonstrated conspecific
and heterospecific audience effects after simulated risk, although the nuances of
conspecific audience effects in titmice was complicated by the effect of pre-stimulus
calling behavior. In both species, heterospecific audience effects after the stimulus
presentations were non-linear. Finally, the lack of any significant interactions between
the number of conspecific and number of heterospecifics in any of our analyses indicated
that the influences of the demonstrated audience effects are additive. In other words, the
relative proportion of each species in a flock does not seem to influence calling behavior
of either chickadees or titmice. Instead, the effect of the number of heterospecifics on
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Figure 9. Calling rates after stimulus presentations as a function of calling rates before
stimulus presentations for titmice. Data plotted as in Figure 7.
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Figure 10. Number of chick-a-dee calls produced by titmice during the post-stimulus
period as a function of the number of conspecific titmouse (a) and heterospecific
chickadee (B) flockmates. Data plotted as in Figure 5.
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calling rates acts independently of the effect of conspecifics on calling rates. See Table 2
for a summary of hypotheses and their support in this study.
Audience Effects on General Calling Behavior
We found evidence of conspecifics audience effects on general calling behavior in
chickadees and titmice. Both chickadees and titmice responded similarly to the presence
of conspecifics: individuals called less with greater numbers of conspecifics present in
the flock. One explanation for these findings may relate to the functional significance of
calls produced in ambient conditions. The chick-a-dee call, produced by both chickadees
and titmice, functions as a social-recruitment call (Mahurin & Freeberg, 2009; Randler,
2012). Birds in small conspecific flocks may have called more to recruit conspecifics to
the flock, whereas this type of social-recruitment calling would not be necessary for birds
in larger conspecific flocks. This behavioral pattern also occurs in meerkats (Suricata
suricatta), a social mammal with similarly situational alarm calls used for predator
detection; young individuals in small groups give more alarm calls than young in large
groups, and the high call number in small groups was associated with increased vigilance
(Hollén et al., 2008). Alternatively, larger conspecifics flocks present higher frequency
and diversity of social distractions (activity, conflict, social suppression, etc.), and the
affective response on individuals may simply inhibit call production.
We found evidence for a heterospecific audience effect in chickadees, but not in
titmice. Individual chickadees called less with increased number of titmice present in
flocks in the pre-stimulus period. Given the well-documented aggressive dominance of
titmice over chickadees (Cimprich & Grubb, 1994), it is most parsimonious to attribute
this pattern to social inhibition of the subordinate species. Pravosudov & Grubb (1999)
previously found that individual chickadees were more vigilant when housed with a
dominant titmouse than when housed with a subordinate conspecific (although
individuals reduced vigilance in both dyads as compared to when alone), most likely due
to the increased need to watch out for its dominant flockmate. The presence of titmice
may inhibit chickadees’ calling behavior because chickadees in the presence of titmice
must spend time on heterospecific vigilance. Under this scenario, decreases in chickadee
calling in flocks with a large number of titmice may act as a way to avoid conflict with
dominant heterospecifics. This hypothesis is also supported by the lack of a
heterospecific audience effect in titmice. Other studies have shown that individual titmice
reduce vigilance behavior when housed with a subordinate conspecific (Waite, 1987) or
with a chickadee, compared to when housed alone (Pravosudov & Grubb, 1999). In
conspecific dyads, subordinate titmice also reduced foraging rates compared to their
dominant counterparts, and one explanation for this difference was a trade-off between
foraging and conspecific vigilance (Waite, 1987). In our experiment, titmice in a flock of
majority chickadees would be the most dominant birds in that flock and may benefit from
reduced vigilance-rates in that flock.
Audience effects on calling responses to risk-related playback stimuli
We also tested for conspecific and heterospecific influences on calling rates in the
context of simulated risk. The strongest influence on calling behavior after simulated risk
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Table 2. Summary of support of predictions made in this study. Results that support a prediction
are in bold.
Pre-Stimulus
Post-Stimulus
Hypothesis
Predictions
Pre-Stimulus Results
Predictions
Social Conspecific: Birds Chickadee - Not
Conspecific: Birds
facilitation call more with more supported
call more with more
conspecifics present Titmouse - Not
conspecifics in
in flocks
supported
flocks.
Heterospecifics:
Chickadee - Not
Heterospecifics:
Birds call more with supported
Birds call more with
more heterospecifics Titmouse - Not
more heterospecifics
present in flocks.
supported
present in flocks
Social Conspecific: Birds Chickadee Conspecific: Birds
Inhibition call less with more Supported
call less with more
conspecifics present Titmouse conspecifics present
in flocks.
Supported
in flocks.
Heterospecifics:
Chickadee Heterospecifics:
Birds call less with Supported
Birds call less with
more heterospecifics Titmouse - Not
more heterospecifics
present in flocks.
supported
present in flocks
Oddity If species C is
Chickadee - Not
The effect of calling
Effect proportionally rare supported
less when
in a mixed-species Titmouse - Not
proportionally rare is
flock, birds of that supported
strong in the contexts
species will call less
of potential risk
than if species C is
proportionally
common in a mixedspecies flock
Dilution Minimal effect of
Chickadee - Not
Birds all more in
Effect conspecific of
supported
larger flocks than
heterospecific
Titmouse birds in smaller
presence on ambient Not
flocks; birds in
calling rates.
supported
heterospecific flocks
call more than birds
in same-sized
monospecific flocks.

Post-Stimulus
Results
Chickadee - Not
supported
Titmouse - Not
supported
Chickadee - Not
supported
Titmouse - Not
supported
Chickadee Supported
Titmouse Supported
Chickadee Somewhat supported
Titmice - Somewhat
supported
Chickadee - Not
supported
Titmouse - Not
supported

Chickadee - Not
supported
Titmouse - Not
supported
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for individuals of both species was how much those individuals called before simulated
risk (which itself was subject to conspecifics and heterospecifics audience effects).
Individuals of both species that called more before simulated risk also called more after.
This indicates that calling rates in these birds may be a personality trait – consistent
differences in individual behavior (Biro & Stamps, 2008). However, we currently do not
know if birds that call more in one trial consistently call more in another trial; future
work should examine individual variation and repeatability of calling behavior in these
species to determine if it is a personality trait or part of a behavioral syndrome.
Calling rates of chickadees in response to the stimuli were affected by additional
conspecific and heterospecific audience effects. Similar to pre-stimulus behavior,
chickadees called less with increased conspecific presence in flocks. Interestingly, while
chickadees called less in response to increased presence of titmice in flocks before
simulated risk, increases in the number of titmice in a flock led to an increase in calling
rate for chickadees after stimulus playbacks. The trending effect of the number of titmice
squared term indicated that this heterospecific audience effect weakens as titmice flock
size increases. Perhaps the presence of heterospecific titmice offer a safer dilution effect
for chickadees than the presence of conspecific flockmates would, because these likely
consist of mates in chickadees flocks (Smith, 1984). At low levels of heterospecific
presence, chickadees call to recruit more titmice to the flock, but the potential
heterospecific dilution benefit decreases in large heterospecific flocks, and either
chickadees stand out more, or are subject to more aggression from dominant titmice.
Future research should examine this potential function of this heterospecific audience
effect. As these social variables also influenced how much an individual chickadee called
before the stimulus phase, these findings suggest that chickadees are extremely sensitive
to numbers of conspecifics and heterospecifics in their immediate social context when
communicating. Previous work with Carolina chickadees posited that interactions among
chickadees in complex social groups may influence calling behavior of individuals
(Freeberg, 2006; Freeberg & Harvey, 2008), and our findings in this study further support
that claim. In fact, the hypothesis that complex groups influence communication of
individual in those groups (Freeberg et al., 2012) has been suggested for a variety of
species including spotted paca (Cuniculus paca; Lima et al., 2018), ground-dwelling
sciurids (Blumstein & Armitage, 1997), species of social mongoose (Manser et al., 2014),
whales (May-Collado et al., 2007) and giant otters (Pterpnira brasiliensis;
Leuchtenberger et al., 2014).
Calling rates of titmice in response to simulated risk were also influenced by
conspecific and heterospecific audience effects. In groups with more titmice, the effects
of pre-stimulus calling were more pronounced: in flocks that contained greater (as
opposed to fewer) numbers of conspecifics, titmice who called more before the stimulus
presentation also called more after and, conversely, titmice who called less before the
stimulus presentation also called less after. Additionally, while the presence of
chickadees did not influence titmice calling rates in the PRE-stimulus conditions, titmice
increased calling rates after stimulus presentations as a function of increased number of
chickadees in the flock. The significant chickadee squared term suggests this effect
weakens for heterospecific group sizes larger than 4. Therefore, we found that increased
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presence of both conspecifics and heterospecifics increased calling behavior after
simulated risk in titmice. Titmice have been hypothesized to be poor contributors to the
information-flow network in these mixed species flocks because of their weak and
variable mobbing behavior, while chickadees are thought be more active and aggressive
mobbers (Nolen & Lucas, 2009). Perhaps titmice increase rates of chick-a-dee calls to
recruit more aggressive heterospecific mobbers to the scene. While the conspecific
audience effect suggests titmice seek to increase their dilution benefit, titmice may prefer
heterospecific mobbers when given the choice, especially considering overwintering
flocks of titmice may include blood relatives. Future studies should examine this idea
more closely. Regardless, these results suggest that titmice may benefit from residence in
mixed-species flocks, and the audience effects found in our study suggest that presence of
even a few chickadees can increase information flow regarding risk among titmice. Since
the Nolen & Lucas (2009) study also included nuthatch mobbing behavior, future
experiments should test for heterospecific audience effects of nuthatches on titmice
calling behavior.
Experimental evidence for inhibitive and facultative heterospecific audience effects
depending on context
Our study revealed that calling behavior of both chickadees and titmice is sensitive not
just to conspecific flock size, but also to the number of heterospecifics in mixed-species
flocks. To our knowledge, this is the first experimental evidence (in terms of
manipulations of mixed-species group characteristics) to support heterospecific audience
effects in communication. Taken together, our results clearly refute the Oddity Effect and
Dilution Effect hypotheses (Table 2). Birds did not call more when they were
proportionally rarer in these mixed-species flocks, and did not call more purely as flock
sizes increased. Our results for general (pre-stimulus) calling also do not support the
Social Facilitation hypothesis (Table 2), as birds did not call more with increased number
of conspecifics or heterospecifics in flocks. However, both chickadees and titmice
increased their calling rates in the presence of heterospecifics under conditions of
heightened risk, lending support to the Social Facilitation hypothesis for post-stimulus
calling. Similarly, although the Social Inhibition hypothesis did not seem to be supported
by post-stimulus calling responses in either chickadees or titmice, the pre-stimulus calling
rates of both species were clearly inhibited by greater numbers of conspecifics and
heterospecifics in flocks (Table 2). Thus, larger conspecific and heterospecific flocks
inhibit calling in ambient, low-risk contexts, but the increased numbers of heterospecifics
seems to facilitate calling in high-risk contexts. One interpretation of this is the fluid
contextualization of a central trade-off faced by mixed species flock participants: that of
minimizing conflict with flockmates versus maximizing anti-predator benefits (Goodale
et al., 2020). Without incident threats to well-being, the costs of aggression in larger,
more socially complex groups would reasonably manifest in lower calling rates to avoid
drawing attention from dominants. However, when the group’s context suddenly shifts to
risk, increased calling rates in mixed flocks could function to increase effectiveness of
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locating and confronting the threat (Caro, 2005) or discouraging the predator from
attacking alerted prey (Crofoot, 2012).
Although we found conspecific and heterospecific audience effects for chickadees
and titmice, these effects influenced calling behavior of each species differently,
suggesting species-level variation in the importance of these variables. Additionally, we
found evidence that chickadee general (pre-stimulus) calling behavior was inhibited by
the presence of titmice, whereas titmice were not influenced by the presence of
chickadees, likely due to the fact that titmice are dominant over chickadees. It is possible
that for chickadees, facilitation of calling in the presence of titmice when under threat
could have a Machiavellian element (Lucas et al., 2018) in that an attacking raptor will
always seek the largest prey packet size (Boal & Mannan, 1999). In this case, chickadees
can call more and share key information with each other with less incident risk because
more, larger-bodied titmice nearby could, essentially, be providing them safe cover.
Future work should examine the effect of interspecies dominance on communication and
structure of mixed-species groups (Goodale et al., 2010), since these groups of animals
are commonly found in mammals (Stensland et al., 2003), birds (Sridhar et al., 2009), and
fish (Ward et al., 2002). We also demonstrated that chickadees and titmice were further
influenced by the presence of conspecifics and heterospecifics when communicating after
detection of high-risk acoustic stimuli. Interestingly, the direction of heterospecific
audience effects changed for both species after risk. These findings provide more
evidence for the socially complex nature of mixed-species groups and that the effects of
heterospecific presence may change depending on external context.
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CHAPTER III
ASYMMETRICAL AUDIENCE EFFECTS ON THREE DIFFERENT
TYPES OF BEHAVIOR IN MIXED-SPECIES FLOCKS OF
CAROLINA CHICKADEES AND TUFTED TITMICE
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Abstract
Animals often change their behavior based on the presence, size, or composition
of their social group. Many such effects have been studied in communicative contexts,
called audience effects, but group composition may influence non-communicative
behavior in addition to communicative behavior. Understanding heterospecific effects on
behavior is important for understanding the structure of mixed-species groups. We
experimentally tested for conspecific and heterospecific effects on communicative and
non-communicative behavior in mixed-species groups of Carolina chickadees and tufted
titmice. We sampled birds from naturally-occurring mixed-species flocks and held them
in semi-natural outdoor aviaries. After the birds acclimated to the aviaries, we measured
rates of calling, flying activity, and social interactions. Chickadees call less and initiate
more close perches in flocks of more chickadees. Chickadees call and fly less in flocks
with more titmice. There were no significant heterospecific effects on the calling, flying
rates, or rates of close perches of titmice, but titmice did call and fly less and initiate
more close perches in flocks with more titmice. Our experimental results reveal important
sensitivities to variation in social context in these two species. Increased knowledge of
heterospecific influences on communication and other behavior will be fundamental for
understanding the social lives of individuals in mixed-species groups.

Introduction
The term ‘audience effect’ is used to refer to changes in signaling behavior of an
individual caused by the presence or composition of individuals in the immediate
environment (Coppinger et al., 2017; Zuberbühler, 2008). A classic example of such an
effect can be seen in male domestic chickens (Gallus gallus), where males will produce
more food-related calls when female chickens are present as compared to when they are
absent (Evans & Marler, 1994). Audience effects are crucial in animal communication
research as they can provide evidence for targeted, volitional signals, as opposed to
signals that are merely a by-product of arousal (Townsend et al., 2017; Zuberbühler,
2008). Further, the presence of audience effects suggest that signalers are aware of
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receivers’ characteristics or perceptual states and can provide evidence for strategic
signaling (Coppinger et al., 2017; Lucas et al., 2018).
Audience effects are therefore one of the wide range of social context effects on
individual behavior. Social influences on behavior can also occur for non-communicative
behaviors. For example, male Atlantic mollies (Poecilia mexicana) reduce their mating
activity when another male is present (Plath et al., 2008). Further, archerfish (Toxotes
jaculatrix) modify their foraging behavior when in the presence of another archerfish,
taking longer to shoot prey items and increasing their aiming orientations per shot (Jones
et al., 2018). Finally, male field crickets (Gryllus assimilis) increase aggressive behavior
directed to other males when in the presence of female field crickets (Loranger &
Bertram, 2016). These examples show that social context can influence foraging and
mating behaviors, and that individuals are sensitive to conspecific presence when
engaging in a potentially wide range of behaviors. Understanding non-communicative
audience effects on behavior is therefore crucial to understanding the social influences
individuals face when living in groups.
Some animals live in groups that include individuals from several different
species – known as mixed-species groups (Goodale et al., 2017). Multiple species in a
group can increase the variety of social contexts experienced by individuals within the
group with concomitant effects on the behavior of individuals in the group. The presence
and composition of a heterospecific audience can affect signaling behavior (Coppinger et
al., 2020; Ridley et al., 2007; Suzuki, 2012), but studies on heterospecific audience
effects on other, non-communicative behaviors are minimal. One such study recently
demonstrated that aggression between two species of mollies decreased with
heterospecific audiences when compared to conspecific ones (Makowicz et al., 2020).
Additionally, individual red-crowned cranes (Grus japonensis) increase rates of foraging
behavior in the presence of white-naped cranes (Grus vipio), which are more subordinate
(Lee et al., 2006), and downy woodpeckers (Picoides pubescens) spent more time
foraging when in the presence of larger mixed-species groups, compared to when they
were with only conspecific flockmates (Gentry et al., 2019). Likewise, Campbell’s
monkeys (Cercopithecus campbelli) and Diana monkeys (Cercopithecus diana) gain
foraging and anti-predator benefits from associating with one another due to reduced
vigilance when with the other species as opposed to when with only conspecifics
(Wolters & Zuberbühler, 2003). Understanding facultative and inhibitive heterospecific
audience effects on behavior, in addition to conspecific audience effects, can help us to
understand the structure and function of mixed-species groups of animals and the
complex social influences on behavior that exist in these groups.
Here, we used flocks of Carolina chickadees, Poecile carolinensis, and tufted
titmice, Baeolophus bicolor, to investigate what kinds of behavior are affected by
heterospecific presence in mixed-species groups. These birds naturally form mixed
species flocks in southeastern North America during fall and winter (Morse, 1970).
Chickadees and titmice are the core, nuclear members of these mixed-species flocks,
which can also include other satellite species like nuthatches, kinglets, or woodpeckers
(Contreras & Sieving, 2011; Dolby & Grubb, 1998; Farley et al., 2008; Morse, 1970).
The numbers and ratios of chickadees and titmice vary greatly in these flocks (personal
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observation; Ekman, 1989). Titmice are larger and tend to be dominant over chickadees
(Waite & Grubb Jr, 1988), and their presence in these flocks has been shown to
negatively affect chickadee foraging behavior (Cimprich & Grubb Jr, 1994). However,
research has also demonstrated that for both chickadees and titmice, individuals in flocks
with a greater diversity of heterospecifics are better able to solve novel feeder problems
than individuals in less diverse flocks (Freeberg et al., 2017). Additionally, chickadee and
titmouse calling behavior is influenced by con- and heterospecific audience effects in
risky contexts (Coppinger et al., 2020; Nolen & Lucas, 2009).
We previously found that chickadees and titmice were sensitive to the number of
conspecifics in flocks when communicating via ‘chick-a-dee’ calls, which are social
cohesion calls produced by both species (Coppinger et al., 2020). Chickadees were also
sensitive to the number of titmice in flocks, as shown by a decrease in call production
with greater numbers of titmice in the flock, but chick-a-dee calling behavior by titmice
did not differ with regard to the number of chickadees in flocks. Furthermore, when
subject to playbacks of simulated risk, chickadees and titmice produced more chick-a-dee
calls when more titmice were in a flock. After these playbacks, chickadees produced
fewer chick-a-dee calls with increasing numbers of conspecifics in flocks, whereas
titmice produced more chick-a-dee calls with increasing numbers of conspecifics in
flocks. These results suggest that chickadees and titmice are sensitive to social factors
within their mixed-species flocks when communicating, and that chickadees appear more
sensitive to heterospecific presence than are titmice. We suggested that this was due to
the dominance status of the species in these flocks: titmice are typically dominant over
chickadees (Coppinger et al., 2020).
Here we expand on our previous study to test for conspecific and heterospecific
audience effects on three different categories of behavior: communication, activity, and
affiliation. We did this using Carolina chickadees and tufted titmice captured from
conspecific-only and mixed species flocks. We also compared these group-level effects
to individual characteristics of sex and individuals’ reactions to a novel environment test.
Black-capped chickadee (Poecile atricapillus) individuals that more readily explored a
novel space learned an acoustic discrimination task faster than those that were slow to
explore a novel space (Guillette et al., 2009). Because of this, we predicted that
exploratory behavior in a novel environment might influence an individual’s tendency to
engage in communicative, activity, or affiliative behaviors. Following results from
Coppinger et al., (2020) we also predicted that the subordinate chickadees would increase
communicative and affiliative behavior in the presence of other chickadees and would
decrease these behaviors in the presence of titmice. In contrast, we predicted that titmice
would not be as influenced by the presence of heterospecific flock mates but would
decrease calling behavior with increasing conspecific presence (a trend found in
Coppinger et al., 2020) and increase affiliative behavior with increasing conspecific
presence.
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Methods
Subjects
Chickadees and titmice were trapped and color-banded for individual
identification at sites around the University of Tennessee Forest Resources, Research and
Education Center (UTFRREC; Anderson County, TN). No bird was used more than once
in the study, although these birds were also tested for Coppinger et al. (2020). Each site
contained a feeding platform baited with black oil sunflower and safflower seeds. Each
feeding platform has been used periodically for numerous years. To trap birds, treadle
(Potter) traps were placed on the feeding platforms and baited with seed. Subjects were
captured and observed between October 2016 to March 2017 and from September 2017
to March 2018. In total, there were 58 chickadees (31 in year 1, 27 in year 2) and 59
titmice (44 in year 1, 15 in year 2) sampled in this study.
Birds were sexed from blood samples taken during trapping. Blood samples were
refrigerated and transported to the University of Tennessee College of Veterinary
Medicine, where molecular sex was determined using PCR amplification of chromohelicase DNA-binding (CHD) genes (Griffiths et al., 1996) with modifications (Boutette
et al., 2002). See supplemental material in Coppinger et al., (2020) for further methods.
Novel Environment Test
After capture at the site, each bird was transported by vehicle to a secondary
assessment site, where they were put into a small cage (40cm x 40cm x 52cm tall; Figure
11) for a novel-environment test. The cage was covered with a sheet, with one open side,
to provide shade. In the cage, birds had access to the six walls of the cage, two horizontal
plastic perches, a small bowl with black oil sunflower seed, and a small bowl with
mealworms. The cage was on top of a plastic table, with a GoPro Hero 4 camera (GoPro,
Inc. San Mateo, California) mounted on the other side of the table to record birds’
behavior. The trial began once a bird was released inside the novel environment cage, and
the observer started to record on the GoPro before walking several meters away and out
of sight of the bird. Birds were left in the novel environment cage for 10 minutes. After
the 10-minute trial was finished, the observer stopped the video recording and removed
the bird from the cage.
Only one bird was sampled in the novel environment cage at a time. Birds were
held in bird bags for a maximum of 60 min before being released in their aviaries.
Because of this, we could not process some of the birds through the novel environment
test before releasing them into the aviary for the experimental study. In addition, some
birds were not tested due to malfunctioning cameras and inclement weather. In total 38
chickadees (67%) and 53 titmice (90%) were tested in the novel environment test.
After the novel environment test, birds were placed back in bird bags and
immediately transferred to one of six different semi-natural outdoor aviaries located in
the UTFRREC campus, where they were housed for the rest of the experiment. Each
aviary measured 6 m x 9 m x 3.5 m high and contained a covered portion and a separate
indoor section. While inside the aviary, all birds had access to fresh water and an ad
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Figure 11. View from GoPro camera of a chickadee in the Novel-Environment Test.
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libitum mixture of seeds. Additionally, birds were provided with mealworms and
waxworms roughly every other day.
Experimental Protocol
Birds in experimental flocks were all trapped at the same site and mostly on the
same day, to represent natural flock composition and to ensure that all birds were familiar
to each other, since previous research demonstrated that flocks of familiar birds
communicate differently than flocks of unfamiliar birds (Coppinger et al., 2018, 2019).
Once inside the aviary, birds had 7 days to acclimate to the aviaries and to the observer
before experimental trials started. Birds were housed in aviaries for 4 weeks on average,
and then trapped in treadle traps and released at their original site of capture.
We recorded trials between 0830 and 1500 EST. At the start of an experimental
trial, a single observer set up the recording equipment and sat in a designated corner of
the aviary for observations. We used a Sennheiser ME-64 electret microphone, placed on
a microphone stand in the middle of aviary, connected to a Marantz PMD660
Professional Solid State Recorder and with a sample rate of 44.1 kHz and 16-bit
resolution. Each bird in each flock was observed in 6 separate trials, and no bird was
recorded more than once per day. Each trial day started with a 5-minute ad lib sample
recording, where the observer noted any calling behavior or associations between flock
members. After this trial, the observer performed separate 5-minute focal trials for all
birds in the flock. The order birds were sampled was semi-random to ensure balanced
observations across birds. During the 5-minute focal trial, the observer noted any time the
focal bird called, flew, took a drink, took a seed from the seed bowl, close perched
(perched within a half of a meter of another individual) near other birds, or chased or
supplanted other birds. The observer noted who the initiator and recipient of those
interactions was for all social interactions. Social interactions included close perches
lasting more than 3 seconds, chases where one bird flew very close and quickly behind
another bird, and supplants where one bird perched within 25 cm of another bird coupled
with the other bird leaving its perch immediately.
Ethics Statement
We have adhered to ethical guidelines for animal research published by the
Association for the Study of Animal Behaviour and the Animal Behavior Society.
Additionally, we have adhered to ethical protocols laid out by the Institutional Animal
Care and Use Committee of the University of Tennessee (Protocol 1326). Adult birds
were humanely trapped in seed-baited treadle traps then released into their semi-natural
aviaries within 1 hour, to reduce undo stress. Birds were held in captivity, with plentiful
food and fresh water provided daily, until the end of the experiment (~4 weeks). At the
end of the experiment, birds were trapped in treadle traps inside the aviaries and released
at their original site of capture. Birds were monitored daily signs of illness or stress, and
bird has access to indoor enclosures to avoid inclement weather. Inside the aviaries, birds
were observed from a distance and not handled.
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Data Transcription and Analysis
Novel Environment Test
EG transcribed all video observations of birds in the novel environment test. BAC
independently coded a subset of the videos (10%) to assess interrater reliability. To
determine the interrater reliability, we ran Pearson correlational analysis to determine the
rate of agreement between coders scores in 1-0 sampling. Raters in 1-0 sampling had
99% agreement (r(8)=.992, p<.005).
To quantify behavior in the novel environment cage, we assessed birds’ Activity
in the novel environment cage. To do so, we conducted a 1-0 sample every 5 seconds,
noting if the bird had moved (1) or not (0) in the past 5 seconds. We defined movement
as a bird hopping, flying, or otherwise changing its position in the novel environment
test. We then calculated the proportion of movement events scored for a bird out of the
total number of observations, thereby quantifying their Activity Score. Larger scores
meant a bird was more active during the trial. It is important to note that our novel
environment cage was much smaller than chambers typically used to assess behavioral
tendencies, and therefore it is likely we may have measured agitation instead of artifacts
of boldness typically assessed in this behavioral assay. For this reason, we chose to
quantify behavior in the novel environment by assessing bird’s activity instead of their
exploratory behavior. Previously, numbers of flights in captivity has also been used a
measurement of agitation, which seemed to explain individual jackdaws responses to
predator stimuli (McIvor et al., 2018).
Behavioral Observations
BAC performed all behavioral observations. HEP transcribed all focal files from
year one, and half of the files from year two. BAC coded half the files from year two.
Interrater reliability was assessed on a subset of 5 files. We summed the number of
flights, calls, and closer perches each coder identified in each file. We then ran a Pearson
correlation on these data. Coders had strong reliability in behavioral transcriptions of files
(r(13)=1.00, p>.005).
After behavior from audio files was transcribed, we counted the total number of
times each bird called, flew, or initiated a close perch to another bird. We also
summarized each bird’s close perch activity by species to provide further analysis of how
interactions were affected by species composition in groups. For each bird, we calculated
the number of initiated close perches to conspecifics and to heterospecifics. We also
calculated the number of expected initiated close perches to conspecifics and
heterospecifics by multiplying the total number of close perches observed for each
individual by the proportion of non-focal conspecifics in the flock (for conspecific
initiated close perches) and by the proportion of heterospecifics in the flock (for
heterospecific initiated close perches).
Statistical Analysis
We ran six separate generalized linear mixed models (3 for chickadees and 3 for
titmice; Proc GLIMMIX in SAS 9.4) to assess effects on birds calling, flying, or social
behavior. We used a Poisson response distribution with a log-link function since each
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response variable (number of calls, number of flights, and number of close perches
initiated) represents small count data. We used bird identification as a random factor in
all models. Number of conspecifics, number of heterospecifics, sex of bird and Activity
Score were treated as main effects. Number of conspecifics and heterospecifics were
calculated relative to an individual bird in a flock. Sex of caller was based on the results
of the molecular sexing. Initially, we included all possible 2-way interactions in each
model, however we removed all non-significant interactions from lowest to highest F
statistic in a stepwise manner. The final chickadee models for number of calls included
all main effects and an interaction between Activity Score and bird sex. To assess this
interaction, we ran two additional reduced models for number of calls produced by
chickadees by sex. Both models (male and female) included number of conspecifics,
number of heterospecifics and Activity Score as fixed effects. The final chickadee model
for number of flights included all main effects and no interactions (all possible two-way
interactions were removed due to non-significance). The final chickadee model for
number of initiated close perches included all main effects and two interactions: (1)
between number of conspecifics and Activity Score and (2) between number of
heterospecifics and Activity Score. The final titmouse model for number of calls and for
number of flights only included main effects. Lastly, the final titmouse model for number
of initiated close perches included all main effects and one interaction: number of
conspecifics by bird sex. To assess this interaction, we ran two additional reduced models
for close perches initiated by titmice by sex. Both models (male and female) included
number of conspecifics, number of heterospecifics and NET score as fixed effects.
Additionally, we performed Wilcoxon signed-rank tests to compare our observed
close perch values to what was expected if there was no species preference in birds’
association behaviors.

Results
Novel Environment Test
Across birds, Activity Scores ranged from .03 (a bird moved 3% of the time) to
.99 (a bird was moving 99% of the time). On average, birds moved about 70.4% of the
time in the novel environment test. Chickadees were more active (M = 0.82, SD = 0.18)
than titmice (M = 0.62, SD = 0.24; t(90) = 4.364, p < 0.001). We removed one chickadee
score from the chickadee data set and one titmouse score from the titmouse dataset due to
these scores being more than 2 standard deviations below the mean.
Chickadee Behavior
Chickadees produced fewer calls with increasing numbers of chickadees in the
flock (F1,15 = 13.27, p = 0.0024, model estimate = -0.5358 ± 0.1471; Figure 12a).
Chickadees also produced fewer calls with increasing numbers of titmice in the flock
(F1,15 = 11.78, p = 0.0037 model estimate = -03972 ± 0.1157; Figure 12b). There was a
significant interaction between activity score and sex (F1,17 = 4.77, p = 0.0433, Figure
12c). The reduced model showed that male chickadees with higher activity scores
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Figure 12. Chick-a-dee calls produces by chickadees as a function of the number of (a)
other chickadees in the flock, (b) number of titmice in the flock, (c) activity score in the
novel environment test.
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produce less calls (F1,18 = 9.6, p = 0.0147, model estimate = -4.9450 ± 01.5964). The
reduce model for female chickadees did not converge. There was no main effect of sex
(F1,6 = 4.96, p = 0.0675) or activity score (F1,17 = 0.57, p = 0.4612) on calling behavior of
chickadees in the full model.
Chickadee flight activity was not significantly influenced by the number of
chickadees in a flock (F1,15 = 0.43, p = 0.5234). However, chickadees flew less with
increasing numbers of titmice in the flock (F1,15 = 4.56, p = 0.0496, model estimate = 0.08106 ± 0.03796; Figure 13a). Additionally, there was no effect of sex (F1,6 = 0.69, p =
0.4383) or Activity score (F1,18 = 1.28, p=0.2727) on flight behavior.
Chickadees initiated more close perches when there were more chickadees in the
flock (F1,15 = 7.40, p = 0.0158, model estimate = 0.7984 ± 0.2935; Figure 13b) but this
effect was weaker for birds with higher Activity scores (F1,16 = 5.91, p = 0.0272, model
estimate = -0.8541 ± 0.3513). There was a tendency for chickadees to initiate fewer close
perches with more titmice in the flock (F1,15 = 3.83, p = 0.0692, model estimate = -1.4445
± 0.7381) but this effect was weaker for birds with higher activity scores (F1,16 = 4.66, p =
0.0465, model estimate = 1.8973 ± 0.8793). There was no main effect of sex (F1,6 = 0.02,
p = 0.8968) nor was there a main effect of activity score (F1,16 = 0.95, p = 0.3439) on how
often chickadees initiated a close perch to another bird.
Titmouse Behavior
Titmice called less when there were more titmice in the flock (F1,20 = 5.03, p =
0.0363, model estimate = -0.5417 ± 0.2414; Figure 14a). The number of chickadees in a
flock did not influence how much titmice called (F1,20 = 0.53, p = 0.4745), nor did the
titmouse’s sex (F1,11 = 2.37, p = 0.1519) or Activity score (F1,27 = 0.58, p = 0.4527).
Titmice flew less with increasing numbers of titmice in flocks (F1,20 = 7.43, p =
0.0130, model estimate = -0.1203 ± 0.0441; Figure 14b), but the number of chickadees in
a flock did not affect flight rates (F1,20 = 0.06, p = 0.8091). Neither sex (F1,11 = 0.14, p =
0.7187) nor Activity score (F1,27 = 0.05, p = 0.8168) affected titmouse flight behavior.
We found evidence of a significant interaction between the number of titmice in a
flock and titmouse sex on the rate of initiated close perches (F1,26 = 10.82 p = 0.0029;
Figure 14c). Female titmice initiated more close perches to other birds with increasing
numbers of titmice in the flock (F1,14 = 7.36, p = 0.0168, model estimate = 0.2723 ±
0.1004). However, increasing numbers of titmice in a flock did not affect close perch
rates of male titmice (F1,15 = 0.96, p = 0.3427). In the full model (not separated out by sex
of bird), there was no titmouse main effect (F1,20 = 1.15, p = 0.2972) nor was there a main
effect of bird sex (F1,11 = 2.73, p = 0.1267). Additionally, there was no effect of chickadee
presence (F1,20 = 3.82, p = 0.0648) or Activity (F1,27 = 1.00, p = 0.3263) score on close
perch rates
Social Interaction Preference of Chickadees and Titmice
Although chickadees initiated more close perches with more chickadees in a
flock, they did not initiate close perches to other chickadees (Z = -1.217, p = .224) or to
titmice (Z = -1.230 p = .219) more than expected by chance. However, chickadees did
receive more close perches from other chickadees (and less from titmice) more than
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Figure 13. (a) Number of flights made by chickadees as a function of number of titmice
in the flock. (b) Number of close perches initiated by chickadees as a function of number
of other chickadees in the flock
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Figure 14. (a) Number of chick-a-dee calls produced by titmice as a function of the
number of other titmice in the flock. (b) Number of flights made by titmice as a function
of the number of other titmice in the flock. (c) Number of close perches initiated by
titmice as a function of other titmice in the flock. Solid line represents trendline for
females, dashed line represents trendline for males.
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expected by chance (Z = -1.983, p = .047). Conversely, titmice tended to initiate more
close perches to chickadees (and less to other titmice) than expected by chance (Z=1.735, p = .083). Titmice did not receive close perches from chickadees or other titmice
more than expected by chance (Z = -.245, p = .800).

Discussion
We tested for conspecific and heterospecific audience effects and individual
activity levels on three different types of behavior (communicative, affiliative, and
activity) in mixed-species flocks of Carolina chickadees and tufted titmice. We found that
although both species displayed conspecific audience effects on their behavior,
heterospecific audience effects were unequal across species. Titmice were less likely to
change their behavior as a result of chickadee presence in flocks, while chickadees
seemed just as sensitive to heterospecific titmice presence as to conspecific chickadees
presence. The direction on these audience effects all appeared to be inhibitory. Therefore,
we found evidence of inhibitory audience effects on behavior, which appear to be
unilateral when considering heterospecific presence. In addition, different types of
chickadee behavior were subject to different audience effects. For example, flying
behavior in chickadees was subject to heterospecific but not conspecific audience effects,
whereas affiliative behavior was subject to conspecific but not heterospecific audience
effects. Interestingly, when taking these audience effects into account, activity in a novel
environment predicted calling and close perching behavior in chickadees but did not
predict any behavior in titmice. Further, we found that both chickadees and titmice
displayed the same conspecific species association preference when affiliating with other
flock members. Taken together, our results reveal that sensitivity to heterospecific social
contexts extends beyond vocal signaling (Coppinger et al. 2020) to non–vocal behavior
as well.
Calling Behavior
Although the birds sampled in this manuscript were the same birds sampled in
Coppinger et al. (2020), the data from this manuscript were collected separately and
using a different sampling method than our previous study (focal sampling instead of ad
libitum sampling; Altmann, 1974). Nonetheless, the conspecific and heterospecific
audience effects on calling described here show similar patterns to those reported in
Coppinger et al (2020). Chickadees and titmice both called less with more conspecifics in
the flock. However, only chickadees displayed heterospecific audience effects on calling
behavior, calling less when there were more titmice in the flock – titmice did not alter
their calling behavior based on the number of chickadees in the flock. We found no
evidence of interactions between the number of conspecifics and heterospecifics in the
flock, suggesting that conspecific and heterospecific audience effects are separate
influences on behavior, even though they influence behavior in the same direction. In
addition, our results further support the idea that chickadees are more sensitive to
heterospecific presence in flocks than are titmice, at least when it comes to vocal
communication.
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There may be a cost associated with calling as it may bring more birds to the area
and increase competition for resources. Therefore, birds may stop recruiting when the
flock is at a certain size, when the costs of increased competition for resources may
outweigh the benefit of increased anti-predator defenses (Krause et al., 2002). Male
humpback whales (Megaptera novaeangliae) also show this behavior – males sing less
when joining groups that contained more adults, contained another singing male, or were
more dense (Dunlop & Noad, 2016). The authors suggested that humpback whales sing
more when joining groups that contain less risk, and call less in risky situations, when
there may be a social cost for singing (Dunlop & Noad, 2016). In our flocks, decreased
calling as conspecific and heterospecific group size increased may indicate that larger
flocks constitute a more socially risky environment when calling confers more costs,
although these costs may be different for different species.
In addition to social influences on behavior, we found that chickadees’ behavior
in the novel environment test influenced their likelihood of calling once inside the flock,
however this effect was mediated by sex. Male chickadees that were more active (moved
more) in the novel environment cage called less compared to male chickadees that were
less active in the novel environment cage. However, we did not find evidence that
activity inside the novel environment cage influenced calling behavior in titmice. If
activity in the novel environment test was a measure of agitation instead of boldness,
these results indicate that agitated male chickadees call less frequently than non-agitated
male chickadees, further reinforcing the idea that calling may carry costs of drawing
attention from dominant social group members, and that chickadees may incur more
social costs in mixed species flocks than do titmice. Previous research has used the novel
environment paradigm as a behavioral assay for boldness, although single measures of
boldness in this manner have recently been critiqued (Beckmann & Biro, 2013). Boldness
is considered a personality trait in some animals, meaning there is individual variation in
boldness that is consistent over time (Biro & Stamps, 2008). Behavior that is consisten
across time and contexts is a key component of personality assays. Therefore, boldness
should be assessed multiple times in these birds to determine consistency of the
behavioral response. Future studies should also be wary of the size of a novel
environment. The novel environment cage used in this study may have constrained or
biased behavioral responses. Additionally, results from Chapter 2 implicated rate of
calling behavior as a behavior that may have consistent individual variation among
individual Carolina chickadees and tufted titmice. Future work should examine the
relationship between calling behavior and agitation or boldness behavior as a behavior
syndrome (a suite of correlated behavioral traits (Sih et al., 2004)).
Flying Behavior
Interestingly, we found that increased numbers of titmice in flocks reduced flying
rates of both chickadees and titmice. However, neither chickadee nor titmouse flight
behavior was affected by the number of chickadees in the flock. The fact that titmouse
presence, but not chickadee presence, decreased activity rates in both chickadees and
titmice could result from titmouse aggression over chickadees in these flocks (Cimprich
& Grubb Jr, 1994). In fact, chickadees are known to be more vigilant when in the
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presence of a dominant titmouse (Pravosudov & Grubb, 1999), with vigilance behavior
likely focused on dominant heterospecifics. Titmice are known to reduce vigilance when
in the presence of subordinate individuals of either species (Pravosudov & Grubb, 1999;
Waite & Grubb Jr, 1988). Increases in anti-predator vigilance rates are associated with
decreases in activity rates in other species, such as hooded cranes (Grus monacha; Li et
al., 2015) and degu (Octodon degus; Vásquez et al., 2002). Perhaps chickadees and
titmice increase vigilance rates in response to increasing numbers of dominant
individuals in the flock, and, as a trade-off, decrease their activity rates. Or perhaps
chickadees and titmice fly less in flocks with increased numbers of titmice to elicit less
agression towards themselves in flocks (Goodale et al., 2020). Unfortunately, we did not
observe enough supplants in our experiment to assess the direction of aggression in this
study. However, titmice tend to supplant chickadees at higher rate than chickadees
displace titmice (Freeberg, unpublished data). Future studies will aim to elucidate the
complexities of social hierarchy in these mixed species flocks.
Affiliation Behavior
Chickadees initiated more affiliations when there were more chickadees in the
flock, although this effect was weaker for birds that were more active in the novel
environment test. In addition, chickadees tended to initiate less close perched when there
were more titmice in the flock, but again, this effect was weaker for birds that were more
active in the novel environment test. Although, one explanation for this effect could be
that because flocks were kept in enclosed aviaries for this experiment, larger flocks were
also more dense, and therefore close-perches were more common. We do not think this is
the case, as close perches were when birds were perched within a half meter from each
other, and the dimensions of the aviaries were much larger than this. Therefore, even in
large flocks, which were more densely grouped than small flocks, birds had plenty of
room to avoid close perches with another bird. Rates of close perches initiated by titmice
were not affected by the number of chickadees in the flock, nor by activity score in the
novel environment cage. However, female titmice, but not male titmice, initiated more
close perches when there were more titmice in the flock.
To further understand conspecific and heterospecific audience effects on rates of
initiated close perches we examined close perch partner preference by species. There was
a preference for conspecific close perch partners by both chickadees and titmice. Mixedspecies flocks have been hypothesized to provide members with unique benefits above
membership in a monospecific flock (Goodale et al., 2017). Although chickadees and
titmice are nuclear members of their mixed-species flocks (Morse, 1970), seem to form
mixed-species flocks readily, and are sensitive to the presence and composition of other
species in these flocks (Freeberg et al., 2017), they prefer to associate with individuals of
their own species. A potential way in which individuals balance the sliding scale of the
costs and benefits from being in mixed-species flocks could be greater emphasis on
associations with their own species rather than heterospecifics within the flock.
In sum, we found heterospecific audience effects on calling rates and flying rates
of chickadees but did not find a heterospecific audience effect on calling or flying rates of
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titmice, nor on the rates of initiating close perches for either species. Our results
corroborate the findings on heterospecific audience effects on calling found in Coppinger
et al (2020). Our results demonstrate that some behaviors may be more influenced by
heterospecific presence in mixed-species groups than others, and that behaviors can be
differentially affected by conspecific and heterospecific presence. Additionally, we
provide evidence that activity rates in a novel environment cage predicted communicative
and affiliative behaviors in chickadees but did not influence any behaviors in titmice. The
asymmetries of heterospecific audience effects in our results provide further evidence
that individuals may reduce their activity rates as a trade-off for increased social
vigilance when grouped with dominant heterospecifics. In sum, our study demonstrates
that there is unidirectional heterospecific social inhibition on chickadee behavior. More
generally, here we provide further experimental evidence that tradeoffs associated with
joining mixed-species flocks are complex, changing dynamically with flock size and
composition.
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CHAPTER IV
VOCAL COMPLEXITY OF CAROLINA CHICKADEES AS A
FUNCTION OF CONSPECIFIC AND HETEROSPECIFIC FLOCK
SIZE
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Abstract
Groups that are more socially complex are thought to have greater communicative
complexity. Previous studies have indeed shown that larger groups produce calls with
more information conveyed than smaller groups. Here we further experimentally tested
the Social Complexity Hypothesis for Communicative Complexity by manipulating the
number of chickadees and titmice present in mixed-species flocks to simultaneously test
for group size and composition effects on vocal complexity. To assess vocal complexity,
we transcribed the note composition of calls produced by individuals in these flocks, then
created note-transition networks for four different group size and composition conditions.
We found that overall results differed depending on the inclusion of note types that occur
more than 1% or more than 5% of the time. While some notes-transitions (or lack of
transitions) were conserved across conditions (no group displayed a “t” to “c” transition)
some other transitions did differ among conditions (Small conspecific / Small
heterospecific and Large conspecific / Large heterospecific flock networks contained
‘start” to “d” transitions, while other conditions did not). Networks also varied in their
network density. Overall, these results do not support the Social Complexity Hypothesis
for Communicative Complexity.

Introduction
The Social Complexity Hypothesis for Communication posits that complex
animal groups require complex communication systems (Freeberg et al., 2012). This is
because socially complex groups contain many types of individuals and relationships
between individuals, and the complex structure and relationships between individuals in
these groups cannot be supported by simpler communication systems. Evidence
supporting this theory has been found in a variety of animal species like ground-dwelling
sciurids (Blumstein & Armitage, 1997), whales (May-Collado et al., 2007), giant otters
(Leuchtenberger et al., 2014), cooperatively-breeding birds (Leighton, 2017), chickadees
(Freeberg, 2006), and various primate species like chimpanzees (Roberts & Roberts,
2016), and various species of Cercopithecinae (Bouchet et al., 2013). While there have
been several tests of the Social Complexity for Communicative Complexity hypothesis to
date, defining and measuring communicative and social complexity can be difficult and
has resulted in many different metrics and approaches.
Some studies have assessed complexity of communication systems by their
repertoire size (Blumstein & Armitage, 1997; Kroodsma, 1977; McComb & Semple,
2005; Pollard & Blumstein, 2012). However, repertoire size alone cannot be used to
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measure the complexity of communication systems that are open-ended or extremely
large. Instead, to measure the complexity of these types of communication systems,
researchers have used information theoretical approaches. In one such approach,
researchers used Shannon Information Theory (Shannon & Weaver, 1949) to measure the
Zero- and First-Order Uncertainty, which measures variation in how parts of the system
are used (Coppinger et al., 2019; Freeberg, 2006; Freeberg & Lucas, 2012b; Hailman et
al., 1985). However, this approach has been critiqued for its lack of ability to properly
capture the order, or syntax, in which elements of a vocalization can occur
(Kershenbaum, 2014). Instead, some researchers argue for measuring the Markov entropy
rate, which measures the diversity of transitions, to assess complexity of communicative
systems (Kershenbaum, 2014).
Social groups can also vary in their complexity. Similar to communication
systems, previous research has used group size as a proxy for complexity, with larger
groups being more socially complex. However, group size is not the only factor that can
influence the complexity of a group. Researchers have defined social complexity as the
“number of interacting individuals, different types of those individuals and the nature and
diversity of those interactions” (Freeberg et al., 2012) or as the number of differentiated
relationships that exist within a group (Bergman & Beehner, 2015). Still, in practice there
is no one measure or definition that is used to assess social complexity in the field
(Kappeler, 2019). Various components of sociality, like social organization (group size &
composition) and social structure (social interactions and relationships) have been
identified as key factors that may contribute to the social complexity of social systems
(Freeberg et al., 2012; Kappeler, 2019).
Because of various definitions of social and communicative complexity,
comparisons between species and between social groups within species has been difficult,
therefore testing direct predictions of the social complexity hypothesis for
communication has been challenging. In my dissertation research, I used Carolina
chickadees (Poecile carolinensis) as a model system to test predictions of the social
complexity hypothesis for communication. Carolina chickadees are a good model system
for this work because of their winter social organization. During the winter months,
chickadees form small stable flocks of 2-8 birds (Morse, 1970). These flocks also contain
other species, most often tufted titmice (Baeolophus bicolor) (Morse, 1970). Therefore,
flocks of chickadees vary in their group size and group composition, two variables that
have been implicated in variations in social complexity. Carolina chickadees also have a
complex open-ended calling system (Freeberg & Lucas, 2012b; Krams et al., 2012).
Their chick-a-dee call is composed of several different note types than follow basic rules
of note ordering (Bloomfield et al., 2005). Previous research demonstrated that this call
can be quite complex (Freeberg & Lucas, 2012b). In fact, variation in group size in flocks
of only Carolina chickadees has previously been linked to variation in Zero- and FirstOrder Uncertainty (Freeberg, 2006). However, this study did not take into account
heterospecific composition of flocks, another source of variation in social complexity.
Here, we sampled chick-a-dee calls produced by chickadees in flocks ranging in
the number of chickadee and titmice present, to determine if group size alone, or group
composition, or both influence communicative complexity in groups. We used
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descriptive measures to create networks of note type transitions of chick-a-dee calls
produced in four different group conditions: Small Conspecific & Small Heterospecific
groups (0-1 other chickadees & 0-1 titmice), Small Conspecific & Large Heterospecific
groups (0-2 other chickadees & 2 or more titmice), Large Conspecific & Small
Heterospecific groups (2 or more other chickadees & 0-1 titmice), and Large Conspecific
& Large Heterospecific groups (2 or more other chickadees & 2 or more titmice). If
group size affects calling complexity, we would expect note transition networks of Large
Con/Large Het groups to be more complex than Small Con/Small Het flocks. If species
composition of groups effects social complexity, we would expect calling networks of
larger heterospecific flocks to be more complex than smaller heterospecific flocks.

Methods
Subjects and Housing
Data collection for this study took place over two years; October 2016 to March
2017 in Year 1 and September 2017 to March 2018 in Year 2. We trapped naturally
occurring flocks of Carolina chickadees and tufted titmice from established feeding sites
with treadle traps baited with black oil sunflower and safflower seeds around the
University of Tennessee Forest Resources, Research and Education Center (UTFRREC,
Anderson County, TN). Once trapped, birds were color banded and blood samples were
taken for genetic sexing (see supplementary materials in Coppinger et al., 2020 for
genetic sexing results). Then, birds were transported to one of six large (~6 m x ~3 m x
~3.5 m) naturalistic outdoor aviaries for observation. Experimental flocks consisted of
birds that were all trapped at the same site on the same day, to represent natural flock
composition, and ranged in the number of chickadees and titmice in each flock (see
Coppinger et al., 2020 for a description of flock compositions). Only one flock was held
in an aviary at a time. While inside the aviaries, all birds had access to an ad libitum
mixture of seeds and fresh water daily, 1-2 mealworms per bird roughly 3 times per
week, as well as a cover and indoor section to escape inclement weather. In total, this
study included 58 chickadees (Year 1 – n=31, Year 2 – n=27) and 59 titmice (Year 1 –
n=44, Year 2 – n=15).
Experimental Protocol
After each flock was released into its aviary, birds were given 7 days to acclimate
to the aviary and to the observer. After this period, the observer performed 6 different
behavioral trails, then released the birds at their original site of capture. Trials were
recorded between 0830 and 1500 ET. Trials included one 5-minute focal sample for each
bird in the flock, followed by a playback trial. To begin a trial, the observer would enter
the aviary and set up a Sennheiser ME-64 electret microphone on a microphone stand in
the middle of the aviary. This microphone was connected to a Marantz PMD660
Professional Solid State Recorder in the corner of the aviary, where the observer sat to
note behaviors. We used a sample rate of 44.1 kHz and a 16-bit resolution.
Behavior in the focal trials was previously reported in Chapter 3. Order of birds
was counterbalanced across trials. During the focal samples, the observer noted any
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instance the focal bird flew, took a seed, or was involved in a social interaction with
another bird. The observer also noted the identity of any bird that called during the 5minute sample. Behavior during the playback trials was previously reported in Chapter 2
(Coppinger et al., 2020). Playback trials began with a 5-minute pre-stimulus baseline
recording period, then the observer played a 5-minute auditory stimulus associated with
increased threat (ranging from a potential intruder to a potential predator), and then
recorded another 5-minute ad-libitum sample immediately after the playback ended.
During this trial (PRE, Stim, and POST recordings) the observer noted the identity of any
bird that called, which was straightforward in these relatively small flocks.
We used CoolEdit Pro to view the spectrograms of our files (22050Hz Sample
Rate, 16-bit resolution). We identified any calls made by chickadees during these trials
and coded these calls for note composition. There were 26 different types of notes we
coded for. Two observers, BAC and AM, coded all chickadee calls made in the playback
trials, then compared coding for agreement. For calls that did not agree, coders discussed
disagreements and re-coded calls until there was agreement. BAC independently coded
all calls made by chickadees during the focal trials. Calls that were too faint or unclear on
the spectrograms were not coded. In total, there were 4,440 calls coded (1,896 from the
playback trials and 2,544 from the focal trials).
Analysis
We used SAS to quantify the transition probabilities between notes for calls
produced in 4 different group composition, ranging in conspecific and heterospecific
group size: Small Conspecific & Small Heterospecific groups (0-1 other chickadees & 01 titmice), Small Conspecific & Large Heterospecific groups (0-1 other chickadees & 2
or more titmice), Large Conspecific & Small Heterospecific groups (2 or more other
chickadees & 0-1 titmice), and Large Conspecific & Large Heterospecific groups (2 or
more other chickadees & 2 or more titmice). Figure 15 shows the distribution of flock
types by group condition. We chose these group sizes because they are comparable in
size to groups in Freeberg (2006), and because of a desire to have roughly equal numbers
of replicates in each group condition.. We collapsed notes into 8 categories, combining
note types that were rare and functionally similar. Figure 16 shows the spectrogram of
note categories. We used R and the “network” and “igraph” packages to create networks
of call structure for our 4 different groups, where edges represent transitions between two
note types, and nodes represent notes as well as the start and end of a call. Node weights
depict how often that note occurred, and edge weights represent the proportion of
transitions involving the starting note. We created 2 versions of note transition networks.
Full networks contained note types that occurred more than 1% of the time, and
transitions that occurred more than 5% of the time. Reduced networks contained note
types that occurred more that 5% of the time and transitions that also occurred more than
5% of the time. Previous research has used a 5% cutoff for including note transition
probabilities (Freeberg & Lucas, 2012a).
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Figure 15. Distribution of other chickadees and titmice in a flock by size condition.
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Figure 16. Spectrogram of note type categories
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Results
All four group conditions produced calls with a mean of roughly 6 notes per call.
Full Note Transition Networks
Figure 17 depicts the full note transition network for calls produced by chickadees
in the four different group types.
The Small conspecific / Small heterospecific group condition contained 7 flocks
with an average flock size of 2.43 (SD = 0.53) birds. There were 1,699 calls produced,
which included 10,057 notes (average 5.92 notes per call). The note transition network
has 9 nodes and 27 edges. The density of the network, or the proportion of actual edges
out of the total possible edges, was .375.
The Small conspecific / Large heterospecific group condition contained 6 flocks
with an average flock size of 5.17 (SD = 1.17). There were 715 calls produced which
included 4,232 notes (average 5.92 notes per call). The networks contained 9 nodes and
28 edges, and the density of the network was .389.
The Large conspecific / Small heterospecific group condition contained 5 flocks
with an average flock size of 4.20 (SD = 0.45). There were 962 calls produced, which
included 5,937 notes (average 6.17 notes per call). The network contained 10 nodes and
30 edges, and the density of the network was .333.
The Large conspecific / Larger heterospecific group condition contained 4 flocks
with an average flock size of 7.00 (SD = 2.45). There were 1,064 calls produced, which
included 6,623 notes (on average 6.22 notes per call). The network contained 9 nodes and
28 edges, and the density of the network was .389.
Figure 18 shows the probability densities for each degree for each network. A
degree is the number of connections a node has in the network. In most networks, all
nodes have more than two edges, except in the large conspecific, small heterospecific
network.
Reduced Note Transition Networks
Figure 19 depicts the reduced note transition networks (only included note types
that occurred more than 5% of the time) for calls produced by chickadees in the four
group composition conditions.
The Small conspecific / Small heterospecific group condition, b, k and r notes
were removed from the network because they occurred less than 5% of the time. The
reduced network had 6 nodes and 14 edges, and an edge density of .467.
The Small conspecific / Large heterospecific group condition, only k notes were
removed from the full network. The reduced network had 8 nodes and 23 edges, and an
edge density of .411.
The Large conspecific / Small heterospecific group condition, k, q, and r notes
were removed. The reduced network had 7 nodes and 20 edges, and an edges density of
.476.
The Large conspecific / Large heterospecific group condition, b. k. and r notes
were removed from the full network. The reduced network had 6 nodes and 13 edges, and
an edge density of .433.
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Figure 17: Full Note Transition networks using notes types that occurred more than 1%
of the time, and transitions that occurred more that 5% of the time. Nodes are note types
(and start and end of calls) and edges represent transitions between note type. (A)
Network for Small conspecific /Small heterospecific flocks. (B) Network for Small
conspecific / Large heterospecific flocks. (C) Network for Large conspecific /Small
heterospecific flocks. (D) Network for Large conspecific / Large heterospecific flocks.
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Figure 18. Probability densities for each full network. Each graph displays the proportion
of nodes (pk) that have x number of degrees (index). Most nodes in all network have
more than 2 connections, except in the Large Conspecific / Small Heterospecific
networks. In Small Conspecific / Small Heterospecific and Large Conspecific / Large
Heterospecific network, the most connections any node had was 10, while in the Small
Conspecific / Large Heterospecific and the Large Conspecific / Small Heterospecific
networks, the most connections a node had was 11. The modal average of connections for
a node varies by network.
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Figure 19. Reduced Note Transition networks using notes types that occurred more than
5% of the time, and transitions that occurred more that 5% of the time. Nodes are note
types (and start and end of calls) and edges represent transitions between note type. (A)
Network for Small conspecific /Small heterospecific flocks. (B) Network for Small
conspecific/ Large heterospecific flocks. (C) Network for Large conspecific / Small
heterospecific flocks. (D) Network for Large conspecific /Large heterospecific flocks.
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Figure 20. Probability densities for each reduced network. Each graph displays the
proportion of nodes (pk) that have x number of degrees (index). Similar to probability
densities for the full networks, all nodes have more than 2 connections. However,
compared to their fuller networks, Small Conspecific / Small Heterospecific, and Large
Conspecific / Large Heterospecific networks do not have nodes with as many
connections, while the most connected nodes in Small Conspecific / Large Heterospecific
and Large Conspecific / Small Heterospecific reduced networks have similar connections
to the most connected nodes in the full networks.
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Discussion
Previous work found that chickadees produce calls with a modal average of 5
notes per call (Freeberg & Lucas, 2012b), in agreement with our findings. Interestingly,
both Small conspecific flock conditions contained less notes per call than Large
conspecific flock conditions. Perhaps notes per calls increase with increasing conspecific,
but not heterospecific flock size.
Descriptive Note Transition Networks
Group conditions in our study were similar in the number of nodes in their
communication networks, indicating note type usage did not differ drastically across the
four group size conditions. Overall, D notes occurred most often in calls, indicated by
their large node size. In fact, D nodes in all four networks were larger than the “start” and
“end” nodes, indicating that on average, D notes occurred more than once per call. D
notes are known to function as social cohesion notes in chick-a-dee calls, and chickadees
produce more D notes per call in mobbing and food finding contexts (Mahurin &
Freeberg, 2009; Nolen & Lucas, 2009; Soard & Ritchison, 2009). C note usage appeared
to differ between flock conditions, occurring least often in Large conspecific / Small
heterospecific flocks. Interestingly, Q notes only occur more than 1 percent of the time in
condition C as well. Perhaps the decrease in C notes is linked to an increase in Q notes. Q
notes are considered “hybrid D” notes, meaning they contain elements of introductory
notes merged with the harmonic bands of d notes. C note usage has been linked to
contexts of flight; chickadees produce more C notes per call when flying (Freeberg &
Mahurin, 2013). The function or context usage of hybrid D notes is currently unknown.
Networks displayed some similarity in their note transitions. For example, none of
the networks contained transitions between T and C notes, and all networks display a
heavily weighted edge from “start” to T notes, indicating that in all groups, calls starting
with a T note were proportionally likely. However, networks did differ in the occurrence
of some transitions. For example, Small conspecific / Large heterospecific and Large
conspecific / Small heterospecific flock networks possessed transitions between “start”
and D notes, whereas these transitions did not occur in Small conspecific / Small
heterospecific or Large conspecific / Large heterospecific flocks. This suggests that
starting a call with a D note may be a property of calls produced in medium sized groups,
regardless of proportions of conspecifics or heterospecifics in the flock. If the D note
functions as the social cohesion part of the call, associated with production in foraging
and mobbing contexts, perhaps it is more important to communicate about social
cohesion in medium sized groups.
Large conspecific / Small heterospecific and Large conspecific / Large
heterospecific networks contained transitions from R to D notes, not found in the two
types of small conspecifics flock conditions. This indicates that the occurrence of R notes
(which are similar to D notes but are much shorter) in conjunction with D notes is a
property of calls made in large (compared to small) conspecific groups and may not be
influenced by heterospecific flock size. Since communication is a dyadic interaction
between senders and receivers, it is important to see if this difference (transitions between
rapid and normal D notes) matters to receivers. These findings suggest that conspecifics
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should react to these transitions differently than heterospecifics, since these transitions
are produced in flocks with larger conspecific flocks.
Additionally, networks from the two conditions with large heterospecific flock
sizes contained transitions from “start” to C notes. Again, chickadees produce more C
notes in calls made during flight (Freeberg & Mahurin, 2013) although they are still
produced in calls made when a bird is not flying. Because this transition occurred in
networks for groups with larger heterospecific flock sizes, but not in networks for groups
with small heterospecific flock sizes, this suggests that starting a call with a C note may
be a call type linked to heterospecific presence in flocks instead of conspecific presence
of general group size. Previously we found that chickadees fly less in larger
heterospecific flocks (Chapter 3; Coppinger et al., Submitted). More work investigating
the function of C notes is needed, since these two pieces of evidence seem contradictory.
Large Conspecific / Large Heterospecific networks were the only networks to not
display transitions from E notes to “end”, indicating E notes made in calls in this
condition were almost always followed by D and C notes. E notes historically have been
known as introductory notes in chick-a-dee calls. If introductory notes function to gather
attention of flock mates before producing other notes like C and D notes, then it makes
sense that introductory notes in large groups are always followed by C and D notes, and
rarely signal the end of a call.
Finally, Large Conspecific / Large Heterospecific networks also lacked T to T
transitions (indicated by the lack of a T loop edge). T notes are used in many contexts,
but often occur when birds are flying or associating (even loosely) with other birds
(Smith, 1972). Perhaps T notes are an auditory signal of associating, when birds are out
of visual range, or they could be used as an auditory signal that provides redundant
association information in conjunction with visual signals of association. It would then
make sense that they were used less in repetition in larger flocks, where visual signals of
association with flock members would be more like as flocks are more densely packed in
the aviary than small flocks.
In reduced networks, we removed nodes that occurred less than 5% of the time
(nodes in the full networks occurred more than 1% of the time). In all four networks we
removed K notes, indicating that K notes do not occur very often in any group
composition. R notes were removed from all networks except the transition network of
Small conspecific / Large heterospecific flocks, indicating that they may occur more
often in these groups. Notes that remained after the removal process were D, E, C, and T
notes (these occurred in all networks). Less common were b and r notes, although these
still occurred in Small conspecific / Large heterospecific and Large conspecific / Small
heterospecific flocks.
Implications for the social complexity hypothesis for vocal complexity
Complexity of systems has three components (McShea & Brandon, 2010): the
number of parts in a system, the types of parts in the system, and the variation in how
those parts interact. Full networks of notes in call composition in our four flock types
contained similar numbers of nodes. They also contained similar numbers of edges. This
indicated that the number of parts in the system is not different between the four different
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conditions when examining full networks. Further, the density (number of observed
edges out of the total possible number of edges) was similar between all conditions,
except networks between Large conspecific / Small heterospecific flocks, which had the
lowest network density. Degree density allows for a description of the number of
connections each node has in the network. Here, we did not differentiate between indegree and out-degree, although our networks our directional. However, we would expect
that nodes have a least one connection, since most calls made by chickadees contain two
or more notes. Additionally, calls produced in this network were not independent. The
note composition of a call produced by one bird could influence the note composition of
a call produced by another bird in response. However, while further inferential statistics
should be done, overall, findings indicate that Large conspecific / Small heterospecific
flocks have the least interactions between parts in the system relative the number of parts,
suggesting calling networks in this condition are the least complex.
We chose flock sizes based on flock sizes in previous studies (Freeberg, 2006)
and to assure equal replicates between the size conditions. In chapter 2, we found that the
presence of titmice was a non-linear effect on chickadees calling in risk, but chapter 2
and 3 showed the presence of titmice was a linear effect on ambient calling in chickadees.
This dataset contains chickadee calls produced in both conditions, therefore is this a
change that titmice or other chickadees may display a non-linear effect on calling
behavior in chickadees. While this is not a prediction made by the social complexity
hypothesis for communication, it is something that should be considered. Future studies
should expand on this work by having more nuanced conditions that more accurately
capture differences in conspecific and heterospecific flock size.
There is greater variation in the number of nodes per network in reduced
networks. Small conspecific / Large heterospecific flocks had the most nodes in the
network (8 nodes, 23 edges). Large conspecific / Small heterospecific networks were in
the middle (7 nodes, 20 edges) while Small conspecific / Small heterospecific and Large
conspecific / Large heterospecific flocks had the least (6 nodes, 14 and 13 edges
respectively). If we consider complexity in the number of parts in the system, birds in
Small conspecific / Large heterospecific flocks may produce calls with more complexity.
Interestingly, there is also greater variability in network density between networks in the
four conditions. Although Small conspecific / Large heterospecific flocks had the most
nodes and edges, this network has the lowest density (.411), indicating relatively less
variation in how parts in the system interacted. Small conspecific / Small heterospecific
flocks and Large conspecific / Large heterospecific flocks contained similar numbers of
nodes and edges but differed in their densities. The Small conspecific / Small
heterospecific flock network was more dense (.467) than the Large conspecific / Large
heterospecific flock (.433; although inferential statistics need to be done). If these
densities are statistically different, it would indicate that small flocks communicate with
more complexity (in terms of how parts interact) than larger flocks, which would be in
direct contradiction to the Social Complexity Hypothesis for Communicative Complexity
(Freeberg et al., 2012) and previous findings in this species (Freeberg, 2006). If we judge
complexity by the density of note transition networks, Large conspecific / Small
heterospecific flocks may communicate with the most complexity; however, this is
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difficult to interpret because in the full network, this condition had lowest density. One
reason for this conflict may be because, while flocks differed in the number of
conspecifics and heterospecifics, they may not differ in their social structure, in which
case social complexity between flocks may not have differed substantially. Further
research needs to examine social structure of mixed species flocks of Carolina
chickadees.
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CONCLUSION
In this dissertation, I examined the influence of flock familiarity and composition
on individual behavior, social complexity, and communicative complexity in Carolina
chickadees. By understanding the influence of these social factors on behavior, we may
be better able to understand the variation we see in social structure of animal groups. This
is important because variation in social groups may alter the costs and benefits of animal
sociality. For example, while social groups can provide increased predator protection and
foraging efficiency, they can also increase competition for resources like food and mates
(Krause et al., 2002). Better understanding of the relationships between social context,
behavior, and social complexity will allow us to understand the causes and consequences
of variation in social groups and in social structure of groups. In addition, this dissertation
further tests predictions made by the social complexity hypothesis for communication.

Groups that have different compositions of individuals don’t necessarily
have different social structure.
In Chapter 1, I manipulated familiarity of flockmates in flocks of 4 Carolina
chickadees. I compared calling behavior of chickadees in two conditions: familiar and
unfamiliar. I found that birds in familiar flocks produced calls with more C notes, and
with fewer introductory and hybrid D notes, per call than birds in the unfamiliar
condition. However, information content of calls produced did not differ between
conditions, indicating that there was no difference in communicative complexity between
conditions. While relationships among group members has been implicated as a potential
social factor that could influence communicative complexity (Freeberg et al., 2012), the
inclusion of familiar or unfamiliar group members does not appear to influence
communicative complexity, at least under these conditions in chickadees. This could be
because group structure, measured as the difference in association patterns of groups, did
not differ between conditions in this study. Group structure is a good proxy of social
complexity (Kappeler, 2019), and the lack of a difference between conditions indicates
that social complexity of groups is not influenced by the familiarity of flock members.
It is interesting that social structure did not differ as a function of flock-member
familiarity. Group structure is an emergent property of repeated interactions between
group members (Hobson et al., 2019). Individual-level variation can lead to variation in
interactions between individuals, and it is repeated interactions that lead to relationships
within groups. These relationships then form the basis for the macro-level group
structure. In addition, the macro-level group structure can influence which relationships
are maintained or strengthened, which may in turn impact interactions between
individuals. These interactions then may alter future behavior, characteristics, or traits of
individuals. Here, I found evidence that groups containing different types of individuals
don’t necessarily have different macro-level group structures, and that interaction
patterns between flock members were not different between conditions.
Perhaps holding birds in semi-natural outdoor aviaries introduced a novel
environment effect that overpowered any effect unfamiliarity would have had on
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unfamiliar relationships and resulting changes in communicative complexity. Or perhaps
the 7-day acclimation time may have been enough familiarization time for birds in our
experiment. However, this seems unlikely for two main reasons. First, we did see other
differences between conditions in note type usage. This indicates that our manipulation of
familiarity did influence some types of communicative behavior, just not information
content conveyed in calls. Further, previous research demonstrated the flocks of familiar
birds called sooner in response to threatening stimuli in comparison to flocks of
unfamiliar birds (Coppinger et al., 2019). Finally, previous research has shown, through
vocal convergence, that individuals become solidified as flocks after about 4 weeks of
time, not 1 (Mammen & Nowicki, 1981), so it seems unlikely that the familiar
manipulation failed. The second reason social structure may not have differed between
groups is because of high chickadee mortality rates (Desrochers et al., 1988; Smith,
1967). When birds die in flocks, new “floaters” come in to replace them in the group
(Smith, 1984), meaning that chickadees may be more used to “unfamiliar” chickadees in
groups than individuals of species where group membership is more rigid and not subject
to the fission-fusion dynamics we see in winter chickadee flocks. Further, it is likely that
chickadee winter flocks may be composed of different individuals year to year, further
reinforcing the idea that chickadees often interact with unfamiliar birds.
Future work will need to test for what individual differences, if any, in chickadees
lead to variations in interactions and relationships in over-wintering flocks. Previous
work has found a link between larger group sizes and greater vocal complexity in this
system (Freeberg, 2006), suggesting group size may be a social variable that affects
interactions between individuals in groups. Future work will need to test for differences
in association patterns and social structure as a function of group size in flocks of
chickadees. Further, it may be that individuals differences, combined with variation in
how individuals experience and deal with the social structure and organization of their
social group (Aureli & Schino, 2019), that jointly influence how individuals
communicate with group members, so future work should also explore this possibility.

Asymmetrical responses to group members of different species in
mixed-species flocks
I also found strong evidence of asymmetrical responses to conspecific and
heterospecific presence in chickadee and titmice. In Chapter 2, I found that before
stimulus presentations, chickadees produced fewer chick-a-dee calls in flocks with more
chickadees compared to flocks with fewer chickadees. Chickadees also produced fewer
calls in flocks with more titmice, compared to flocks with fewer titmice. Before the
stimulus playbacks, titmice produced fewer calls in flocks with more (as compared to
fewer) titmice, but heterospecific chickadee flock size did not influence titmouse calling
behavior. I also found conspecific and heterospecific audience effects on calling behavior
after playback trials. Again, chickadees called less when there were more chickadees in
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the flock. However, the effect of titmouse presence was non-linear; chickadees produced
more calls in flocks with some titmice compared to when titmice were absent from
flocks, but this effect weakened as titmouse flock size increased. In chapter 3, I found
that chickadees called less with more chickadees and with more titmice in the flock.
Chickadees flew less in flocks with more (compared to fewer) titmice, but flying
behavior was not affected by chickadee presence. Additionally, chickadees initiated more
close-perches when there were more (as opposed to fewer) chickadees in the flock.
Titmice, however, only displayed conspecific audience effects. Titmice called less, flew
less, and initiated more close perches with more (compared to fewer) titmice in the flock.
These asymmetries are possibly due to differences in dominance status of the two
species in flocks, where titmice are dominant over chickadees (Waite & Grubb, 1988).
These results further support the idea that individuals vary in how they experience the
structure and organization of their social groups (Aureli & Schino, 2019). Further, these
results suggests that there may be asymmetrical costs and benefits for participating in
mixed species groups, even if both species are considered to be nuclear members of
mixed species flocks, as is the case with chickadees and titmice (Morse, 1970). Future
research should examine how these asymmetrical responses change in mixed-species
flocks with more species, like nuthatches, kinglets, or woodpeckers. This work will
further illuminate the role of different species and foraging guilds in mixed-species flocks
on chickadee and titmouse behavior.

The potential role of personality in the relationship between social
structure and communicative behavior.
In Chapter 2, after the risk-related stimulus presentations, the biggest predictor of calling
behavior in chickadees and titmice was how much they called before the stimulus
presentations; birds that called more before playbacks also called more after. This
indicates that calling behavior may be a personality trait in chickadees. Behaviors are
thought to be personality traits when they vary consistently across time and contexts
(Wolf & Weissing, 2012). Further, in Chapter 3, I tested chickadee and titmouse activity
in a novel environment. The novel environment test has previously been used to assess
aspects of animal personality (Snijders et al., 2014). In this chapter, I found that male
chickadees with higher activity scores called less than male chickadees with lower
activity scores. Additionally, I found that the conspecific influence on initiating close
perches for chickadees was weakened for chickadees with higher activity scores. Activity
score did not affect behavior in titmice. Taken together with the results in Chapter 2, the
fact that activity in the novel environment test predicted chickadee calling behavior
suggests that activity in the novel environment and calling behavior in chickadees may
form a behavioral syndrome, which is a set of correlated behavioral traits that are
consistent across time and contexts (Sih et al., 2004). Further research needs to explore
this possibility. However, in titmice, this may not be the case. Activity in a novel
environment was not a predictor of titmouse behavior, and in Chapter 2, I found that the
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tendency for titmice that called more before the playbacks to call more after the
playbacks was influenced by conspecific group size, indicating that it might not be as
robust of a behavioral tendency as in in chickadees. In addition, finding no effect of
activity in a novel environment on calling in Chapter 2 suggests that these behaviors
aren’t correlated like they might be in chickadees. Therefore, this behavioral syndrome
may be stronger or more prevalent in chickadees than in titmice.

Call structure differences as a function of social group size and
composition
In Chapter 4, I empirically tested predictions of the Social Complexity Hypothesis
for Communicative Complexity. Specifically, I tested for overall group size effects, as
well as group composition (in terms of proportion of species included) effects on
communicative complexity. These descriptive results show a complicated story. Overall,
it appears that larger conspecific flocks may use more notes per call, although this needs
to be tested using inferential statistics. Full note-transition networks for the four
conditions (which included note types used more than 1% of the time) did not show many
differences in terms of number of number of nodes or edges. However, it appears that
Large conspecific / Small heterospecific flocks may have the lowest network density out
of the four conditions. Density should further be examined as an appropriate measure for
quantifying communicative complexity, especially in this way. However, taken together,
these findings do not support predictions made from the social complexity hypothesis of
communication. In reduced note-transition networks (that included note types used more
than 5% of the time), there was a greater variation in the number of nodes per network,
where Small conspecific / Small heterospecific and Large/ conspecific / Large
heterospecific networks had the fewest nodes. The networks of these conditions differed
in their densities, however, with Small conspecific / Small heterospecific networks being
more dense than Large conspecific / Large heterospecific networks. Again, this finding
refutes the Social Complexity Hypotheses for Communication. However, these
descriptive results are not straightforward and future work will calculate the Shannon
Information Content in the calls of each condition for more direct comparisons of
complexity. Further, future work will also calculate the Markov entropy rate of calls in
each condition, since both Shannon Information Content and the Markov entropy rate
have been implicated as measures of communicative complexity. In addition, many tests
of the Social Complexity Hypothesis for Communicative Complexity have been
correlational and compare species-level differences instead of differences within groups
of a species, although Freeberg (2006) experimentally tested this in chickadees. More
experimental tests are needed, and in a wider variety of species. Perhaps the correlational
evidence for the hypothesis is due to a third variable that impacts both social and
communicative complexity, which did not exist in this experiment. More tests of this
hypothesis, across groups varying in different social variables and contexts, are needed to
fully understand the relationship between social and communicative complexity.
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Plasticity and social and communicative complexity
An underlying assumption of this dissertation is that social and vocal complexity
are plastic in this system. Past work has supported this notion, as bids were captured in
the wild and put into artificially manipulated flocks that varied in their group size, and
groups differed in the amount of information conveyed in their calls (Freeberg, 2006).
Social complexity in chickadees is likely plastic, as it changes with season. However, as
stated above, more work should be done examining variation in how individuals
experience these types of groups. Additionally, I found evidence that calling behavior
was both consistent across individuals and still subject to audience effects. This suggest
that at some level, calling behavior of individuals can be plastic, or at least varied by
context. Further, while call networks seem to display patterns of note-ordering that were
conserved across our different conditions, they also display variation in some of the notetransitions. We know that chickadee calls follow general rule of note-ordering, but also
that their calling system is open-ended (Freeberg, 2008). Taken together, these findings
indicate that social and vocal complexity at least can vary across different social
conditions in this system, and suggest that understanding within species variability is just
as important as between species variability in these measures.
The social complexity hypothesis posits that complex social systems require
complex communication systems (Freeberg et al., 2012). But social complexity is not the
only factor potentially influencing complex or elaborate communication systems.
Variation in the physical characteristics of the environment has been demonstrated to
influence the elaboration of signals (Freeberg et al., 2012; Hebets & Papaj, 2005).
However, we know little about the role environmental variation plays as an additional
variable in the relationship between social and communicative complexity. Additionally,
predation can influence social and communicative complexity (see Freeberg et al., 2012
for examples). Again, little is known about the role of variation in predation pressure in
the relationships between social and communicative complexity. Future studies should
investigate the influence of these variables in conjunction with social complexity on
communicative complexity, although these influences may not be as plastic.
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